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PREFACE TO THE SEVENTH REVISED EDITION 


West Bengal Council of Higher Secondary Education introduced the Syllabus 
for its plus. two course in 1976. With the introduction of this new pattern ef 
syllabus there was a pressing need for an appropriate text book in Physics—a 
book that might bridge the gap in the syllabus between the Secondary and 
Higher Secondary stages and also present the fundamental aspects of physics 
in correct sequence at the Higher Secondary stage. Our text “Elements of 
Higher Secondary Physics” was written in this context. 

This year the old syllabus has been revised. In presenting to our readers 
this new edition of the text, a critical review of the entire content has been 
thoroughly done and a large number of articles have been rewritten, Also this 
opportunity has been taken to introduce short answer type questions, separately 
from essay type questions to lay stress on the objective of the revised syllabus 
where marks for the objective questions are mentioned separately. We regard 
the solving of numerical problems by students as an essential part of obtaining a 
full grasp on the basic physical concepts. To that end, a number of problems 
have been included in the exercise. Thus, as with the earlier text, we sincerely 
hope that the book will serve the purpose intended, 

We acknowledge with much pleasure our debts to colleagues and friends 
whose advice over the last decade aided in the preparation of this work. We 
thank our beloved publisher who has contributed far beyond the requirement 
of duty to expedite the ‘completion of the work. Comments, suggestions and 
indication of errors will be thankfully received from the readers for future 
improvement of the book. 

Calcutta. D. Datta. 


1st October, 1985. B. Pal 
B, Chaudhuri 
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PREFACE TO THE FIRST EDITION 


This book has been written to cover the Higher Secondary Syllabus on 
Physics of the West Bengal Council of Higher Secondary Education. Our 
primary objective is to provide the students with an understanding of physics as 
a quantitative science based on a sequence of mathematical logic and simple 
class demonstrations. 

The text is so designed as to consist of materials suitable for students whose 
mathematical knowledge goes no further than algebra and elementary trigono- 
metry. For the benefit of those who are simultaneously learning calculus in the 
Higher Secondary courses, alternative treatments based on calculus are included. 
It is hoped that it will be valuable to the inquisitive students, and that it will 
facilitate their entry into wider areas of higher courses. Emphasis has been laid 
on the fundamental principles and their practical applications ; the details of 
experimental determinations have. been given a place of secondary importance. 
Numerous illustrative problems are worked out in the body of the text. All 
physical quantities are expressed particularly in C.G.S and M.K,S. units, the 
S.I. system being briefly described in the Appendix. 

If we may claim any success at all, we humbly submit that this is greatly due 
to Prof. D.P. Acharya, who has been kind enough to editthe entire 
offering many valuable suggestions. 

We shall deem our labours amply rewarded, if the students for whom it is 
intended, find it useful. We shall be glad to receive suggestions from teachers 
and professors for further improvement of the text, 

We are grateful to Prof, R.K. Guchhait of Gurudas C 
the kind encouragement we have received from him. 


manuscript, 


ollege, Calcutta, for 


D. Dutta 
B. Pal 


B. Chaudhuri 


23. 9, 1976 
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THE COUNCIL OF HIGHER SECONDARY EDUCATION 
SYLLABUS 
PHYSICS 
Paper—I 
Full Marks—80 


1. MECHANICS Marks 20 
Particle Dynamics : 


Rest and motion : reference frame ; displacement, velocity and acceleration $ 
momentum ; kinematical equations ( in one dimension ) ; elementary problems. 

Scalars and vectors. Composition and resolution of vectors, Representation 
of vector by co-ordinates. Addition and subtraction of vectors by geometrical 
and analytical methods. Relative velocity and acceleration. 

Newton’s law of motion ; inertia; units of force ; impulse and impulsive 
forces ; conservation of linear momentum, elastic collisions of particles moving 
in the same line; jets and rockets; Friction ; Static and kinetic friction ; 
co-efficient of friction. 


Statics : 


Centre of mass, centre of gravity, conditions of equilibrium of a system of 
forces, 


Dynamics of Rotational Motion : 


Rotational motion of a particle angular velocity ; 
relation between angular velocity and linear velocity ; 
moment ofa force abouta point and about an axis ; co 
between angular acceleration and torque (statement onl 
centrifugal force (as a pseudo-force), 


Work, energy and power : 
Definition of work, relevant units, Work done by and against a force. 


Mechanical energy —kinetic and potential. Conservation of energy ; the case of 
a freely falling body.  Power— definition, units, 


2. GENERAL PROPERTIES OF MATTER Marks 20 
Gravitation ; 


angular acceleration ; 
Angular momentum ; 
uple ; torque ; relation 
y) centripetal force $ 


Newton’s law of universal gravitation (statement and mathematical relation). 
Constant of gravitation ( Definition & value with units, no experimental 
determination ). Examples of gravitational attraction between heavenly bodies 
(e.g. the Sun & the Earth, the Earth & the Moon ). Gravitational attraction of 
the Earth, relation between G & 8g, variation of g. Motion of planets & satellites 
(Essential points regarding nature of the orbits should be mentioned avoiding 
Kepler’s laws ). Weightlessness in orbiting satellites, 


[ vii j 
Elastic properties of matter : 

Definitions, statements and explanation of the terms stress, strain, elastic 
limit, Hooke's law, modulii of elasticity : Young's modulus, Bulk modulus, 
rigidity modulus, poisson's ratio, principle of measurement of Y ( No experi- 
mental details ). 

Hydrostatics : 

Density & Specific gravity ( Methods of determination not required ). 
Archimedes’ principle—Statement & demonstration, Floatation, Sums on 
Archimedes’ principle. Pressure of fluids. Pressure inside a liquid, unit of 
pressure: ‘Transmission of fluid pressure, Pascal’s law, principle of multiplication 
of force, Hydraulic press (principle only & problems, no descriptive details). Air 
pressure & its measurement, Torricelli’s & Fortin’s barometer, siphon, basic 
principles of lift pump, compression pump, vacuum pumps. (No mathematical 
deductions). 


3. HEAT Marks 24 
Thermal Expansion : 


Thermal expansion of Solids simple demonstrations ; coefficients of linear, 
superficial and cubical expansion of solids ; Their relations. 

Application of expansion of Solids ; Real and apparent expansions of 
Liquids; Relation between expansion co-efficients ; Anomalous Expansion of 
water ; Effect on marine life. 

Expansion of Gases : 

Boyle’s Law ; Charle’s Law ; Equation of state of an ideal gas; Volume 
and pressure co-efficients ; Absolute Scale of Temperature. 
Calorimetry : 

Preliminary definitions ; Principle, of calorimetry ( no questions on measure- 
ments to be set ) ; calorimetric problems. 
Change of state : 

Latent heat ; brief discussion on determination. Evaporation and Boiling ; 
Effect of pressure on Melting point and Boiling point : Vapour pressure ; Rela- 
tive Humidity ; Dew, Fog and Cloud, 

Mechanical Equivalent of Heat : 

Heat as.a form of Energy; Relation between calorie and erg; Determination 
of Mechanical Equivalent of Heat, First Law of Thermodynamics ; Isothermal 
and Adiabatic expansion of gases ; ( brief discussion ). Specific Heats of Gases ; 
(elementary ideas); 

Kinetic Theory of Gases : 

Evidence of molecular structure of matter and of random molecular motion ; 
Brownian movement (qualitative description), Basic assumptions of kinetic theory 
of ideal gases, Pressure of an ideal gas ( mention of the formula, derivation not 
required), concept of temperature from kinetic theory. 

Transmission of Heat : 

Conduction of Heat : Thermal conductivity. Convection of Heat ; Radiation : 

Radiation as a form of energy. 


[ väi ] 


4. VIBRATIONS AND WAVES Marks 16 
Vibrations : 

Periodic motion ; oscillations and its characteristics, periodic time, frequency 
amplitude. Simple harmonic motion, relation between S.H.M. and uniform 
circular motion ; displacement, velocity and acceleration of S.H.M, Energy in 
S.H.M, ; characteristics of S,H.M. Time period, frequency, amplitude and 


and transverse, Forced vibration; resonance, Damped vibration (qualitative 


Waves : I 

Elastic Waves— longitudinal and transverse ; Characteristics of propagating 
Waves, nature of the medium, wave length, amplitude of wave, time period, 
frequency, velocity of wave and their relation, Properties of Waves : Laws of 
reflection and refraction of wave with reference to sound wave ; formation of 


Transverse standing waves on Stretched wire ; law’s of transverse vibration 
of strings fundamental harmonic ; 


Longitudinal standing waves in air column, 


( 
Effect of temperature and humidity on the frequency of air column. Qualita- 
tive discussion, 


Musical Sound and noise— characteristics of musical sound—Loud 
intensity, pitch and frequency, quality (qualitative discussion only ), 


Light as wave Phenomenon ; finite velocity of light, 
of wave phenomena associated with light. 


Wave ( without going through details ). 


ness and 
Mention characteristics 


Transverse Characteristic of light 
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PART—1 


UNITS 
AND MEASUREMENTS 


[ Recapitulation ] 


1. - Introduction. 


The basic conception of physical quantities, their fundamental units and 
measurements have already been dealt with, in detail, in the secondary stage. A 
short discourse is included here as recapitulation of these fundamental ideas. 

Physics is an exact science ; the relations are developed by proper reasoning 
and by rigorous mathematical procedures and the various physical quantities 
we shall encounter, can be measured with a high degree of accuracy. Hence 
the importance of accurate measurement and mathematical analysis to physicists. 


3. Units. 

To measure any physical quantity, we must first have a unit of measurement. 
By unit of a quantity we mean a definite and convenient amount of that quantity. 
The magnitude of a physical quantity is obtained by comparing it with the unit. 
The factor by which a quantity is bigger or smaller tham the corresponding 
unit is called the numerical measure of that quantity. Thus the statement 
thata room is 5 metre long, means that the physical quantity being measured 
is length, the unit chosen is metre and the numerical measure is 5. 

In the previous para we have seen that the unit of length is a metre. But 
what is a metre? To define it we evidently require a standard length. Similarly 
we require a standard for every other unit. A standard is the physical embodiment 
ofa unit, It fixes up and preserves the size of the corresponding unit. A unit 
may be of same size as that of the standard or may be a multiple or submultiple 
of it. Thus International Prototype Kilogram is the standard of mass, the 
units of mass being kilogram (kg.), metric ton (10° kg.), gram (107? kg.) etc. 


3. Fundamental Quantities and their units. 

Each of the various physical quantities is expected to have its own unit and a 
standard. But, it is found that nearly all physical quantities (except temperature, 
electric current and luminous intensity**) can be derived from the units of 
three fundamental quantities, namely, length, mass and time. The units of the 
three fundamental quantities are independent of each other, and are termed as 
fundamental units. The units of all other physical quantities can be derived 
from one or more fundamental units and are called derived units. Density of a 
substance is expressed in gm.[c.c. which is derived from gm. and cm., the 
fundamental units of mass and length respectively. Setting up of standards of 
only the fundamental units is thus necessary. 

« This chapter is not included in the syllabus. 

e+ See Appendix—S. I. System. 
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4. Standards. 

A question still remains whether there is a unique standard for a particular 
fundamental quantity. Unfortunately,: the answer is ‘no’. World is still divided 
into two major portions using two different standards for each of length and mass, 

In metric system the standard of length is taken as the distance between two 
fine lines engraved on a platinum-irridium bar kept at International Bureau of 
Weights and Measures in Paris maintained at 0°C. and eelled International 
Proto-type Metre. Originally metre was intended to be one ten-millionth (10-7) 
of the distance along the meridian through Paris, from the equator to the north 
pole, and the said bar was constructed on the basis of this definition. The bar 
was taken as the standard metre and accurate copies of it were distributed all 
over the world. Recently in 1960, the International Bureau of Weights and 


method of measuring lengths. According to this definition a metre is exactly 
1,650,763:73 wave-lengths of the orange-red light emitted by Krypton-86. 


system and is defined as the mass of a platinum-irridium Cylinder kept together 
with proto-type metre in Paris, copies being distributed all over the world. It 
was also intended to be the mass of 1000 c.c.-of water at its maximum density 
(i.e., at nearly 4?C). 

In British or F.P.S. system the standard of length is the British Imperial 
Yard which is defined as the distance, at 62°F, between specified lines ruled 
on two gold plugs set into a certain bronze bar Preserved in the Standards 
Department of the Board of Trade, London. 

The standard of mass in the same System is the mass of certain piece of 


platinum marked ‘P.S. 1844, 1 1b’, Preserved along with Imperial Yard and 
is called Pound Avoirdupois. 5 E: 


use, each of which derives its name from the initial letters of the f damen 
units upon which it is based. These are : v g 


0" GS: system, having centimetre, gram and second as fundamental units 
t] 


(2) M.K.S. System, in which fundamental units are i 
Al metre, kilogram and 
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(3) F.P.S. system based on foot, pound and second as fundamental units. 

A fourth system of unit, namely S.L, introduced in 1960, is described 
in the appendix. 

The first two, namely C.G.S. and M.K.S. systems, are also called metric 
system and obviously metric standards of length and mass are used in them. 
The F.P.S. system, on the other hand, is based on British standards. 

The metric system has a definite advantage over F.P.S. system. Calcula- 
tions are much easier, since the various multiples and sub-multiples of unit are 
related by simple powers of 10. The following prefixes are generally used to 
denote these relationships. The letter in the parenthesis indicates the respective 
abbreviation. 


Deka (da) =101 1 Dekametre =10 m 
Hecto (h) =108 1 Hectometre =10? m 
Kilo (k) =108 ] Kilometre =10? m 
Mega (M) =108 | Megadyne = 108 dyne 
Deci (d) =10-+ | Decigram 1071 
Genti (c) ==10-" 1 Centimetre =1072m 
Milli (m) =10°3 1 Milligram =10-% 
Micro (uz) | —10-* 1 Micro second =10- sec 
Nano (n) =10-° l1 Nanometre =10 m 
Pico (p) zelo 1 Picofarad —107?? farad 


The F.P.S. system has, however, no such advantage. The relation between 
the various subdivisions of a unit are rather obscure and inconvenient, such as 
1 foot=12 inches, | yard—3 ft., 1 mile=1760 yds. Even an inch is divided into 
8ths, l6ths, and 64ths to measure very small lengths. Similar inconvenient 
relations exist between the subunits of mass. 

The students are advised to memorise the following chart for a ready conver- 
sion of units of one system to the other : 


l inch (in.) —2:54 centimetre (cm)—0:0254 metre 
1 foot (ft.) — 30:48 centimetre —0:3048 metre 

] metre (m.) —39:37 inch ' 

l kilometre (km.) —0:6215 mile 

] mile (mi.) —1:609 x 10? metre 1:609 kilometre 
] pound (Ib.) —453:6 gram (gm.) 

1 


| kilogram (kg.) —2:205 pound. 
6. Units of volume of liquids, = = 
The units of volume of liquids, though derived ones, should be mentioned 
especially, since thesé have different names. Thus, in metric system unit of 
volume is litre which is defined as the volume of 1 kg. of water, at normal 
atmospheric pressure and at the temperature of its maximum density (at 4°C ). 
Actually 1 litre (1t.)— 1000-028 cubic centimetre (c.c.. For all practical 
purposes, it is taken to be 1000 c.c. Hence 1 millilitre (ml.)—1 c.c. 
In F.P.S. system the unit of volume of liquids is gallon which is defined 
as the volume of 10 Ibs. of water at 62°F. and is equivalent to 277:42 cubic 


inches (in®.). 1 gallon—4-546 litres. 
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7, Dimension of a physical quantity. 


Having defined the units of fundamental quantities, we now briefly mention 
the concept of dimensions of other physical quantities. : 

The dimension of a physical quantity is characterised by the powers of the 
fundamental units that enter into the derived unit suitable for its measurement. 

Speed has the derived units— cm.[sec., km.[hr., mi.[hr. etc. The most common 
feature in them is that they are all derived by dividing a unitof length by a 
unit of time. So the dimension of speed will be L|T or LT-1, where L stands 
for length and T for time. 

Similarly, different units of acceleration e. g. cm.[sec?, ft/sec. mi.[hr.* etc. 
represent a unit of length divided by square of a unit of time. Hence its dimension 
will be represented by L/T? or LT-. 

Following the same reasoning, force, which is the product of mass (M) and 
acceleration (LT-9), has the dimension MLT-?. 

Dimensions of some other physical quantities are enlisted in the following table 
and students are expected to check them as an. exercise. 


Quantity Dimension Quantity Dimension 
Area LA Work ML?T-2 
Volume Ls Power ML?T-* 
Density ML^ Surface Tension MT-? 
Pressure ML--T-? Viscosity MLT- 
Momentum MLT-! Young's Modulus ML~T-2 


8. Measuring Instruments. 


As the measurement of length, mass, volume and time was thoroughly 
taken into consideration in the secondary course, we shall not go through it any 
more. In this article we shall rather present a brief description of some appliances 
for measurement of length which enables greater accuracy to be obtained than 
is possible by mere eye-estimation. 

Vernier: It consists of a short auxilliary scale V, called the vernier scale, 
which slides along the edge of an ordinary scale M, called the main scale. 


(b) 


Fig.1: Vernier Scale 


For the same length of these scales, the number of divisions in the vernier scale 
is usually greater by one than those in the main scale, Fig. 1 (a) shows such a 
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vernier scale with 10 divisions of total length same as that of 9 main scale divi- 
sions. Each main scale division is taken as 1 mm. Hence the difference in 
length between a scale division and a yernier division is l mm. or 0°01 cm. 
'This difference is the smallest distance measurable with the vernier and is 
termed as vernier constant. So a vernier of thistype will read accurately upto 
tenth of a mm. 

One end of a rod whose length is to be determined is made coincident with 
the zero mark on the scale. The vernier is then slided along the scale until its 
zero mark just touches the other end of the rod. Fig. 1 (b) shows such a position 
of the vernier. 

From the main scale it is clear that the length of the rod is slightly greater 
than 3:4 cm. To find this excess, look for the vernier scale mark which perfectly 
coincides with a main scale mark. In the diagram [ Fig. 1 (b)] 6th vernier 
division mark (Y) coincides with the main scale mark B. Now, if A be the main 
scale mark just before the end of the rod, 


AB=6 x value of 1 main scale division—6 x 0*1 cm., and 
XY=6 x value of 1 vernier division=6 x 009 cm. 
Excess AX=AB—XY=6 (0:1—0:9) 26 x0:01 cm. 
=6 X vernier constant —0:06 cm. 
Hence, the length of the rod—3:4--0:06—3:46 cm. 


Thus the excess is obtained by simply noting the number of vernier division 
mark coinciding with a main scale mark and multiplying it by the vernier 
constant. This gives the length correct to second decimal place. 


Slide Callipers: These are also termed as vernier callipers and essentially 
consist of a steel scale (S) with a fixed jaw (Ji) at one end and a sliding jaw 
(Js) capable of moving along the 
length of the scale (Fig. 2). The 
sliding jaw carries a vernier (V). 
When the two jaws are made to touch 
each other, the vernier zero coincides 
with the scale zero. If not, correction 
is necessary. This is known as zero 
error correction. 

The body whose length is to be 
measured is placed between the jaws 
and the sliding jaw is moved until 
ittouches one end of the body, the other end being already in contact with 
the fixed jaw. The reading of the scale with that of the vernier gives the 
perpendicular distance between the jaws, i. e., the length of the body. 

In a defective instrument, when the two jaws touch each other, the vernier 
zero may cross the main scale zero or may notreach it. In both cases, the 
reading of the vernier scale multiplied by the vernier constant gives the measure 
ofthe error. For measuring a length, this error should be added or subtracted 


Fig.21 Slide Callipers 
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from the otherwise measured length, aecording as the vernier zero has crossed the 
main scale zero or has not reached it. 

The callipers shown in the diagram also contain inside Jaws ( J, J, ) which are 
used to measure the internal diameter of a tube. 


Micrometer Screw Gauge: It is used for measuring the diameter of a 


wire or similar small lengths so as to get readings accurate upto the 3rd or 4th 
place of decimal. 


The main features of the instrument are shown in Fig. 3. It consists of a 
U-shaped metallic frame F carring a fixed stud A at one arm. The other arm 


carries a hollow cylinder C having 
a linear scale in mm. (or 05 mm.) 
engraved upon it. The most 
important part is a screwed spindle 
S, fitted with a thimble T. It 
works within the cylinder C acting 
as a nut and terminates into 
another similar stud B, The 
spindle is made to rotate by the 
Fig.3: Screw Gauge milled head E. The distance 
through which the spindle moves 
for each complete turn is called the pitch of the screw ; its value is generally 
1 mm. (or 05 mm). The bevelled edge of thimble is provided with a circular 
scale with 100 equal divisions, Each division on the circular scale represents 
a screw travel of 0:01 mm. (or 0:005 mm.), which is obtained by dividing 
screw pitch by total circular scale divisions. The fraction, being the least 
distance measurable by instrument, is called the least count. 


scale gives the reading (m) to the nearest mm. (or 0'5 mm). The position (r) of 
the circular scale with respect to the base line of the linear scale gives the fraction 
of mm. (or 0:5 mm.) to be added to m. Therefore, the required length 
=m+r X c where c is the least count, expressed in the same unit as m, The Fig. 3 
shows micrometer screw gauge in which 

Screw pitch—1 mm. 

Total circular scale division —100 

Least count—0:01 mm. 
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circular scale zero crosses the linear scale zero), its value should be added to the 


final reading. 


Spherometer: This instrument is designed mainly to measure the radius 
of curvature of spherical surfaces accurately upto thousandth part ofa mm. 


(107? mm.) 

It consists of a nut N at the centre of a 
triangular frame supported by three pointed 
legs A, Band C, tips of which form the vertices 
of an equilateral triangle (Fig. 4). A screw S 
moves through the nut and is provided with a 
milled head M and a circular scale D. A 
linear scale L is attached vertically with the 
frame. The least count of the instrument is 
measured in the same way as that of a 
micrometer screw-guage. 


The use of spherometer requires a perfectly 
plane glass plate called the basic plate. After 
placing it on the base plate, the screw is rotated 
until its tip just touches the surface. The 
reading on the linear scale just below the 
edge of the circular scale plus that on circular 


Fig.4: Spherometer 


scale multiplied by the least count gives the initial position of the screw. The 


Fig. 5 


screw is then raised up, if necessary (for 
convex surface), and the spherometer is placed 
over the spherical surface. The screw tip is 
then again made to touch the spherical 
surface. This is the final position of the screw 
and the reading is noted. For concave surfaces, 
on placing the spherometer over the spherical 
surface, the screw tip is lowered to touch it. 

Let the difference between the two readings 
be h (Fig. 5). If d be the length of a side of 
the equilateral triangle formed by the fixed 


legs, the radius of curvature r of the surfaces is given by 


Pd h 
r= ate 


dand h being expressed in the same unit. The proof of the formula is included 


in the appendix. 


— 


MECHANICS 


Particle Dynamics 


1 VECTORS 
CHAPTER 


1-1. Scalar and Vector Quantities. 


Most of the quantities discussed in physics and in everyday affairs can be 
broadly classified into two types viz., scalar and vector quantities. 

Let us consider the following—‘the rod is 2 metres long’, the vessel contains 
200 gms. of water’ and ‘we waited there for five hours.’ In these expressions, 
2 metres long, 200 gms, five hours, we have some ideas of the magnitude of a 
length, a mass and atime. But length, mass or time has nothing to do with’ any 
direction. Such quantities which gave us an idea of some magnitude but are not 
associated with any direction are scalar quantities. Volume, density, energy, 
temperature, speed etc. are similar examples of scalar quantities. Thus, scalar 
quantities are defined as those quantities which have magnitude but no direction. 
Two or more scalar quantities of the same type can be added or subtracted by 
ordinary arithmetical laws. Thus, 5 sec.+ 3 sec.—8 sec., 20°C—5°C = 15°C. etc. 

But when we say that the car was moving with a velocity of 40 km. per hour 
(note, both magnitude and unit have been given), or Mr. X walked from the 
hut through a distance of 30 metres, the description is not complete. The 
question that naturally arises, is—‘in which direction ?” Thus, we must say 
that the car was moving south west or, Mr. X walked due east. Evidently, the 
velocity of the car and the displacement of Mr. X are not scalar quantities but 
they belong to some other type. These quantities are called vector quantities. 
Thus to specify completely a vector quantity, it is not sufficient to state its 
magnitude (a number) and unit, but the direction must also be given. 

Thus any quantity which needs both direction in space and magnitude for its 
description is called a vector quantity. Other examples are acceleration, force, 
weight, momentum, etc. These quantities cannot be added or subtracted by 
simple arithmetical laws like scalars. Thus a man swimming across a river 
has a velocity which is not simply the arithmetical sum of the velocity of the 
man relative to water and the velocity of the water itself. The sum is obtained 
keeping in mind their directions ; the method is discussed, in detail, in Art. 1:3. 


1:2. Vectors. 


Vectors render themselves to a very simple geometrical representation. A 
vector can be represented by an arrow-tipped straight line segment. The length of 
the line drawn in a convenient scale represents the magnitude of the vector. 
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The direction of the vector quantity is depicted by placing an arrow at the end of 
the line (Fig. 1-1). Thus, for example, if a particle originally lying at a point 


T A O gets displaced to a point, say 4, at a distance of 
40 metres from O in a direction 60° north of east, 
if this displacement of the particle being a -vector 


quantity, can be represented by the directed line 
[y segment OA. The scale conveniently adopted 
is such that 1 cm. represents a displacement of 10 
metres. The tail of the arrow, O, is called the 
e origin ; the head, A, is called the end or terminus. 


Thus, symbolically we can represent a vector 


[o] z by two letters, the first one indicating the origin 
Scale :1cm.-lümetres and the second one the terminus, with a small 
Fig, 1-1: Representation arrow placed over them. Thus, in the previous 
of a vector example, the displacement vector can be 

—— 


written symbolically as OA. This way of notation, though suitable for the 
students, is a bit cumbersome. In this book, we shall denote a vector by using 


a bold-faced type to differentiate them from scalar quantities. Thus the displace- 
ens x 
ment vector OA would be represented simply as a. 


Two vectors a and b are said to be equal if they have equal lengths and the 
same direction, whatever their origin may be. This is denoted symbolically by 
— —— 
a=b. Thus, in the Fig. 1:2, 04-8, and O'A4'—b arc equal vectors. 
The vector having the same magnitude as a, but 
the opposite direction is defined as the negative 
of a and is denoted by —a. Thus in Fig. 1:2, 


A 
M o” Q 
—— —— 
the vector .O' A" is the negative of the vector OA. 
Evidently, the converse is also true, ie., the Ly, 
e pe v 5 
vector OA is the negative of the vector O” A”. 
Parallel vectors, whatever be their magnitude, 
are said to be collinear. Thus, in the Fig. 1:2, o' 
— — —— ——-— A 
Oo A 
P 


vectors PQ, OA, O'A', O'A" are all collinear. 
Vectors all of which lie in or parallelto the 
same plane are said to be coplanar. Fig. 12 : Ilustration of equal 
133. Composition or Addition of Vectors, negative and parallel vector 
As mentioned earlier, vector quantities cannot bi 
they are added by a more complicated process call 
this process the directions as well as the magnitudes of all the vector quantities to 
be added are taken into account. This Process can be carried out in 
t ays, one employi th 7 ^ $ 
LANA n Ploying the geometrical and the other trigonometrical 


€ added arithmetically ; 
ed vector-addition, In 
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(a) Geometrical Method : 
Let us again pay our attention to Mr. X. In one fine morning, out in a walk, 
he started from his hut, travelled due east are a distance of 30 metres and 


arrived on the bank of the river. 
This displacement can be represented 


ni 


= 
OA=a ( Fig 1:3 ). He found that 


by 

the river was flowing at that spot from 

north to south. At some distance, 

he saw a tree on the bank of the river / D 
and walked due north through a wi og 


distance of 40 metres and reached 
the tree. This displacement is re- 


-> 
presented by AB=b. Spending a little 
while there, he then returned to the 
: 1 Fig. 1-3: The resultant of two d lace- 
M m a pu Nol. e. ments at right anglesto each other 
the direction of the tree (well, he measured that the walk will be shorter) and 


Scale:1cm.=i0metres 


ED 
reached the spot. This displacement is represented by OB=c. 

Vectorially, this displacement c is equivalent to the displacement a plus the 
displacement b. This equivalence may be expressed as an equation : 


Displacement Displacement Displacement 
"i = 
from O to A from A to B from O to B 


> => > 
or, vectorially, OA+AB=OB ie, a+b=c, `... sh d (1:1) 
c is the resultant of the two displacements a and b. 

It is important to note that the 
equation (1:1) does not mean that the sum 
of the magnitudes of the first two vectors 
is equalto that of the third. Evidently, 
from the Fig. 1:3, the length OB is less 
than the sum of the lengths of OA 
and AB. 

For such additions to be performed, it 
is mot necessary that the two displace- 
ments are to be at right angles to each 
other. Thus, one day Mr. X cut short 
his walk towards the river by going through 


Fig. 1:4: The resultant of two dis- a distance of 20 metre: Eo tenu b 
HU which are inclined at any s [rep y 
angle to each other 


Scale :1cm.=10 metres 


> 
the vector OD=d in the Fig. 1:4], turned 
towards the tree and walking through a distance of 41:2 metres in that 
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-> 
direction, he reached there. This displacement is represented by DB=e. Evidently, 
as before d+e=c. 

We thus see that two displacement vectors can be added by simple 
geometrical method. This addition can be carried out in the reverse order and 
the result will be the same. Thus, if instead of moviag first towards the river 
from the hut, Mr. X walked through a distance of 41:2 metres in the direction 
OE parallel to DB and then walked through a distance of 20 metres in the 

' direction EB parallel to OD, he would have arrived at the same point. From 
the definition of equality of vectors, we have 

> — > = 

OE=DB=e and EB=OD=d. We thus get, 

e+d=c 
d+e-e+d Be e (1:2) 

The above considerations which hold for displacement vectors are also true 

for any vector quantity. We know that force acting on a body is a vector 
quantity. The combined effects of the 
two forces acting on a body can be 
represented by the effect of a single force 
acting on the body, which is called the 
resultant force. Two simple examples are 
cited here. 

On a windles day, when sails are 
ineffective, a boat is usually towed along a 
$ / canal with the help of long ropes [Fig. 1:5]. 

Fig.1:5: The resultant of two forces The pulls exerted by the two boatmen on 

the two banks of the canal are represented 

in direction and magnitude by the vectors P and Q. The boat advances not along 

the direction of either P or Q but along the dircction of their resultant force 
R, where R=P +Q. 


As another example, let us picture a boy aiming 
his sling at a bird (Fig. 1:6). He pulls the two 
rubber cords backwards so that forces P and Q, 
along the lengths of the stretched cords, begin to 
act upon the piece of stone held in the boy's 
hand. When released, the stone is hurled forward 
along the direction of the resultant of P and Q, 
not along the direction of any one of them. 


Thus, we conclude that two vectors can be 
added to give a third vector, which is called the 
resultant of the two vectors and which would 
produce the same effect as that of the original = 
vectors together. The process of finding the sel. 
resultant is called the combination or composi- o de os dons 


direction of the resultant 
tion or addition of vectors. The magnitude of the resultant is not, in general, 


|! vector is absurd. 
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equal to the sum of the magnitudes of the components. Also, it should 
be borne in mind that only vectors of the same kind can be combined. As for 
example, to add a displacement vector to a force 


'To add the two vectors P and Q, the vectors 
are drawn with the origin of Q coinciding 
with the terminus of P. The vector sum i. e., 
| theresultant is the vector R which completes 
| the triangle, drawn from the origin O of P to 
the terminus B of Q as shown in the Fig. 1°7. 


This is called the triangle law of addition — | — pig 1-7: Triangle law of 
of vectors. i addition of vectors 


A rather similar geometric method is to draw the two vectors P and Q 
from a common origin as in Fig. 1°8. A parallelogram is drawn. Then the 
diagonal of the parallelogram passing through 
the common origin of P and Q represents, in 

magnitude and direction, the resultant vector, 

R. This is known as parallelogram law of 
'. vector addition. Its similarity with triangle 

- Jaw is obvious because the line AB being equal 

and parallel to OC also represents the vector Q. 
"When both vectors are in the same direction 
Fig. 1:8 : Parallelogram law or in opposite direction, the resultant vectór is 

of vector addition Uo POM Fig. 1:9 (a) and l:9 (5). Only 
in this case, the magnitude of the resultant is equal to the sum (or difference) of the 


magnitudes of the components. > = , 


(b) Analytical Method : 

| The magnitude and the directio 
| R'of'any two vectors P and Q can 
] using geometrical’ and trigonometric 
| should’ keep .in mind that the length. 


n of the resultant 

also be determined - -Q 
ical laws. We hs d 
th of ‘a line- . TR 


segment representing a vector. gives, its magnitude. i 
| We drop perpendicular BD fiom. B on QA. Let 0 P a 
| be ‘the angle between P and -Q [Fig. 1:8]. Then 
| from the right-angled triangle ODB, ^. (a) (b) 
OB.—OD'4 DB*=(04+ AD) &- DB* p 1:9 Add n 
T .19: iti 
—04*-AD2 O4AD DES . vectors Which ect. in the 
=0A?+AB?+2 OA. AB co : same or opposite direction 
[- AD*-+ DB*= AB! and AD=AB cos ê]. à 
: m (1:3) 


; *. or, R?=P?+0°+2 PQ cos 0 OIN. 2 
To find the direction of R; let ¢ be the angle between R and P ; then, 
n» AB udi AR eee i (14) 
tan $= 0p" OAFAD  OAtAB GSO P+Q cos 0 
from which we can determine the angle ¢. 
P-I/2 
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Special cases : 


(i) If P and Q are at right-angles to cach other, 6=90°. 
Then since cos 90°=0. 


R=y PFQ? and tan oa 2 e E: (1:5) 


(ii) IfP and Q are in the same direction, @=0°. Hence 
R*=P*+0?+2PQ or, R=P+Q and ¢=0 


(176) 
The resultant is thus in the same direction. 
(iii) IfP and Q are in the opposite direction, 0—180?. 
Ri—P'--Q!—2pQ 
If P>Q, R=P—Q, ¢=0 (1:7) 


The resultant is thus in the direction of the vector of greater magnitude. 
(c) Polygon rule; 


The previous method for combining two vectors by placing them end to end 
can be generalized for any number of vectors. We first find the resultant of any two, 
then combine this resultant with a third and so on. For example, let us consider a 
particle on which four forces a, b, c and d are acting simultaneously [Fig. 1-10 
(a). We first combine a and b by the triangle method to get their resultant, 


R R 
d 
a a 
(a C 
(b) (e) 


Fig.1:10: Polygon rule of addition of vectors 


(«) 


e=a+d; e is then combined similarly with ¢ giving their resultant, f=6 +¢= 


a+b-+e, 
Finally, f and d are combined to get the final resultant [ Fig. 1:10 
. b 
R=a+b+c+id dee Ps iba 
It is unnecessary to draw the intermediate resultants : 
proceeded by drawin ee Dave 


— > 
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14. Subtraction of vectors. i 


To subtract two vector, one vector is added to the negative of the second. If 
P and Q are two vectors, the vectors difference P—Q can be written as, P+(—Q) 
[just as is done in arithmetic ] i. e., it is the vector sum of the vectors P and —Q. 
The method is shown in the Fig. 1:11 (a). The vectors P and Q are drawn from 
a common origin. The vector of same length as Q but opposite in direction then 
represents —Q. This vector is also drawn from the same origin. The resultant 
of P and —Q is then found by the parallelogram method. 


Alternatively, the vector 4 
differences can also be found 
by the triangle method. P and 
Q are drawn from a common 
origin; the vector from the 
terminus of Q to the terminus 
of P, then represents the vector 
P—Q. Comparison of Fig. 1:11 
(b) with the shaded triangle of P 
Fig. l:11 (a) shows that this is (a) (b) 
so. Confirmation is also 3 | 
available from Fig 111 (b), if Fig. 1:11: Subtraction of vectors 
we note that the vector P is the vector sum of the vectors Q and P—Q. 


1:5. Multiplication of a vector by a real number. 


From the previous discussion on the addition of vectors, it follows that a--a-- 
8. to n terms, is a vector in the same direction as the vector @ and with length 
n times that ofthe vector a. This vector is thus represented 

by na [Fig. 1:12 (a)]. Hence a vector multiplied by a 

number is also a vector which is parallel to the original 


vector. 
This leads us to an important representation of a 
3a vector and to the concept of unit vector. The 


unit length in the same direction and sense. This vector is 
fa, called a unit vector and is represented by the symbol a). 


a=20y direction of any vector a may be specified by a vector of 
The vector 8, then, is represented by multiplying this 


z a=2 5 3 : d 
ss unit vector @ by its magnitude, a (printed in italic type). 
(a) (b) The vector 8 is thus ‘a’ times as long as a,, or, a--aa, [Fig. 

Fig. 1:12: Multipli- —1:12 (b), here a—2]. 
cation of vector by The students may be interested to know about the 


epee ig product of two vectors. It can be shown that the product of 


two vectors can be either a scalar, or a vector. An example of product of two 
vectors being a scalar has been given in Art. 7:1, while an example ofthe 
product being a vector has been given in Art. 56. 

Example 1.1 Ina triangle ABC, M is the mid-point of the side AB. The 
line segments CM and MB represent the vectors P and Q respectively. Express 
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eaeh of the following directed line segments in terms 4 vectors P and Q (i) CB, 
(ii) AM, (iii) MA, (iv) AB, (v) CA. 
Solution: (i From the triangle law of addition of vectors, 


PR CB—CM4-MB—P--Q 


> . — 

(ii) AM being equal in length to MB and 

qom f "PN 
A . the directions of both being the same AM=MB 
: c =Q (iii) From the definition of negative 


> > > 
vector MA=—AM=—Q° (iv) From the law of composition ‘vectors, AB 


= AMA MB=0+0=20. (v) From the triangle law of addition of vectors, 
> => > 
CA=CM+MA=P—Q. 

Example 1:2. Two forces, of 60 dynes and 80 Pies acting at an angle of 
60° with each other, pull on an object. What single pull would replace the given 
force? 

Solution : The two forces are drawn from a common origin, O, making an 
angle of 60°. OA ‘and. OC represent the forces 60 -dynes and 80 dynes 
respectively. The parallelogram OABC is completed. 
TEE diagonal OB represents the resultant R. Then, 

è R?=60? + 802+ 2. 60. 80 cos 60° 
=3600 +6400 + 4800 = 14800 
; R=121'7 dynes. 
The angle $ is given by, 


o 
$ 
CS 
$ 


(nq; 80 sin 60° 
60--80 cos 60° O 60dynes A 
$—347*. ; 
Example 1:3. What is the resultant of a displacement 4 km. N and one 
10 km. E? 
> 1 
B 10Km. . Coats Solution: AB represents a northward dis- 


R > 

placement of 4 km. and BC an eastward dis- 
placement of 10 km. From the triangle law 
of addition of vectors, the resultant displace- 


-> 
ment is given by AC. Let be the angle between 
=> > 
AB and AC. 
(1. "The magnitude of the resultant is given by 
R=V1P+H —4/116—1078 km. 
and direction by tan 0— 1-25, .. 606—682? 
; ultant displacement is 10:78 km. at 68°2° E "ot N. 
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. Example 1'4. What is the angle between two equal forces so that their 
resultant is one-third of one of the forces ? 


Solution : Let @ be the angle between two equal forces of magnitude P. 
The magnitude of the resultant is P/3. Hence 


p. 
g PERPE? P.P cos 0 
or, Jg—l4-cos 0 .. cosg— —44— —0:945 +. 6=160°. 


Example 1:5. At take off, a helicopter rises 15 ‘metres while moving north 8 
metres and west 6 metres. How far is it from its starting position ? 


i > > > 
Solution : AB, BC and CD represent the north- 
ward, the westward and the vertical displacements 
of the helicopter respectively. From the polygon 


sir 
rule of addition of vectors, AD represents the resultant 


> > > 
displacement. Join AC. -Then, AC=AB+BC€ and 


> > > 

AD--AC--CD. Their magnitudes are given by, 
AC—4/ AB?-- BC*—4/8*--6* = 10 m. and 4D = 
VACC D? —4/1024-15* —18:03 m; 


Hence the helicopter is at a distance of 18:03 metres from its starting point. ' 


Example 1:6. Given vector A=30 
m.|sec. north and vector B=40 m .[sec. 
east, find the vector difference A—B. 

' Solution: Vectors A and B are 
drawn from a common origin O. The 


---E vector Ob" ,equal in magnitude of B but 
: oppositely directed, represent —B. The 
diagonal Qc of the parallelogram with sides Oa and Ob' represents the vector diffe- 
rence A—B. Themagnitude isgiven by Oc=/ Oa? —Ob/?— 4/30? -- 408 —50 m. /sec. 


and its direction, by tan dau AC OO 40 6—53:1?. Hence the vector difference 


is 50 m.[sec. at an angle 53:1? W of N. 


1:6. Resolution of vectors. 


The process of resolving a vector into its components amounts to determining 
a set of vectors, whose resultant is the given vector. Each vector in that set is called 
a component of the given vector. Thus this process of resolution inverse to the 
process of vector addition [ with one point of difference, as we shall see later J. 
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_A vector can be resolved into any number of components. The components 
are found by joining them end to end as in vector addition, such that the first one 
: begins at the origin ofthe given vector and 

the last one ends at its terminus. Thus in 
Fig. 1:13 (a), the vector R has been resolved 
e into four components, while in Fig. 1:13 (b), 
it has resolved into two components. 
Thus, in Fig 1:13 (a) R=a+b+c+d; 
f: in Fig. 113 (b), R=e+f. 


(b) component vectors need not lie in one plane. 
We can now point out the difference 
Fig. 1°13: Resolution of vector of the process of resolution with that of 
addition of vectors, While addition always gives a unique resultant, a vector can 
be resolved into components in a number of ways. 
The most important process is that in which a vector is resolved in one plane 
into two components at right angles to each y 
other. Fig. 1:14 illustrates this process. From 
the origin O of the vector R, two mutually 
perpendicular lines Ox and Oy are drawn. Then, 
from the terminus B of the vector, perpendiculars 
BA on Ox and BC on Oy are dropped. Evidently 
the vectors X and Y represented by the lines QA «X 
and OC respectively, are the components of the 
vector R. This can be easily understood if we 
remember that the line AB, being parallel and o x A 
equal to OC, also represents the vector Y and Fig. 1:14 : Resolution of a 
. the simple vector addition of X and Y then gives vector in rectangular components 
the vector R. X and Y are called the rectangular components of the vector R 
the magnitudes of X and Y are : 


(a) 


X=R cos 0, Y—R sin 0 in E (1-9( 
so that, R=4/ x3 Y? N Ur (1:10) 


where 0 is the angle between R and X. 


In solving a problem, we can keep the vector R aside and instead carry on with 


the two components X and Y only. These two, taken together, are equivalent in . 


all respects to the single vector R. 


A vector has no component and no effect in a direction perpendicular to 
its own direction, since for 0—90?, cos 06—0. Thus X has no component along 
the y-axis and Y has no component along the x-axis. This points to a conclusion 
of immense importance—the effects on a body of the two rectangular components 
can be considered separately. 


As an example, let us consider the case ofa ship being towed by a tugboat 
by means of a line. If the tension in the line be T, then this force applied to the 
ship by the tugboat, is represented by the line segment OA in a convenient scale 


It should be remembered that these ` 
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[ Fig. 1:15]. The ship is moving forward in the horizontal direction QX. OY 
represents the vertically downward;direction. The force vector T is resolved into 


B Xs 
Stoo NN 


Fig. 1:315: Illustration of the resolution of a vector in rectangular components 


two rectangular components in the said directions. These components T cos 0 and 
T sin @ are represented by OB and OC respectively. Obviously in considering 
the motion of advance of the ship 
through water, only the component T 
cos @ is taken into account as the effec- 
tive force. The other component T 
sin 0 only produces a downward pull 
on the bow of the ship and does; in 
no way, contribute to. the forward 
motion of the ship. 

As another example (Fig. 1-16), 
imagine a motor car moving down ah 


inclined plane with 13 Cog shut. Fig. 1-16: Illustration of the resolution 
The force acting on it, is its own - of a vector in rectangular components 


weight, Mg, acting vertically downwards. This force can be resolved into two 
rectangular components, Mg sin @ along, and Mg cos 6 perpendicular to the 
surface of the incline. Thus the effective force under whose action the car rolls 
down the incline is Mg sin 0. The other component Mg cos @ is balanced 
by the reaction force of the surface. 


Example 1:7. A boy pulls a rope attached to a box with a force of 30 dynes. 
The rope makes an angle of 60° with the ground. Compute the 
effective value of the pull tending to move the box along the 
ground and the effective value tending to lift the box vertically. 
Solution: The force tending to move the box along the 

ground is the horizontal component Fẹ. The force tending to 
the box off the ground is the vertical component Fy. Thus 

F,=30 cos 60°=15 dyne. 

F,=30 sin 60°=26 dyne (nearly) 


1:7, Composition of vectors by rectangular resolution. 


The previously discussed polygon method of composition of a number of 
vectors is though geometrically satisfactory, but it is analytically a bit awkward, 
because, in general, this involves working with oblique triangles. A simple 
and elegant method is provided by employing the conception of resolution of a 
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vector in rectangular components. . We shall restrict our discussions to a system 
of co-planar vectors only. The method is as follows : 

First, all the vectors are drawn from a common origin [ Fig. 1:17 (a)] ; 
second, a convenient pairof axes, x and y are drawn from this common origin 


y 


w) 

Fig. 1:17: Composition of vector by rectangular resolution 
and each vector is resolved into rectangular components along the axes [F ig. 1:17 
(5)] ; third, the algebraic sum (with proper consideration of signs) of all the x and 
all the y components are found separately ; and fourth, these sums are combined to 
give the fina! resultant [Fig. 1:17 (c)]. 

Thus in the Fig. 1-17, the vectors A, B, C, and D whose resultant is to be 
found, are drawn from a common origin. . Their x components are AN B, Cy, 
D,, and y cornponents are A,, B,, ©, and D, respectively. If we call the 
algebraic sum of these components along x-axis, R,, and that along y-axis, R, then 

R,— B,+C,+D, 
R,-ALEBSECHED, | (211) 

Some of these components may be negative; thus in the Fig. 1:17 (b), A,, 
D,, A,, and B, are negative. 

The magnitude of the resultant R is obviously given be 


(a) 


R—VRSTRS R3 5 em SU: (1:12) 
and its direction by tan &—- Fw or, sin ge — Jr (1°13) 
Re R 


where @ is the angle which it makes with the x-axis. 


Example 1:8. Compute the resultant of the following system of. coplanar 


forces the angles being given with respect to the x-axis: 30 dyne at 0° ; 40 dyne 
at 30° ; 40 dyne at 150°. 


e: 
----= < 


ER MM, 


Solution : Each force is resolved into x- and y-components. The algebraic 
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sum of these components along x-axis gives R, and that along y-axis Ry.‘ 
R,=30+ 40 cos 30°—40 cos 309—30 dyne. 
Ry=0+40 sin 30°+40 sin 30*—40.$ 4-40.1—40 dyne. 
Magnitude of R—4/ R,*+ R = V 30+ 409—50 dyne. 


40_4 i —530 
R. 30 8 from which 0—53?. 


1:8. Representation of a vector by co-ordinates. 


Let us consider any vectorr. From the origin O of the vector we draw 
three mutually perpendicular lines OX, OY and OZ respectively (Fig.. 1:18). 
These are known ~as right-handed carte- d 
sian system of axes. Inth e figure, OY and z 
OZ are in the plane of the paper and OX 
perpendicular to the plane, points 
towards the reader. Drop perpendicular 
CB from the terminus C of the vector 

` ronthe plane passing through OX and 
OY. Draw perpendicular BA from B on 
theaxis OX. Join OB. Evidently from 
the scheme of vector addition, 
> > > > > > 
OA+AB=CB; OB+BC=0C=r 
À EE 


r=OA+AB+ BC k 
LJ 


Có«y;z) 


i : : ig. 1:18 : tion of 
Now, if the co-ordinates of the terminus Figs dust bi os oral on 


C of the vector r be x, yandzrespec- . 

tively then it is obvious that the magnitude or length i 
larly, those of AB and of BC are y and z respectively. Thus if the three unit 
vectors along the X, Y, Z axes be 1, j, k repectively, then 


of OA is equal to x ; simi- 


> re Anl 
0A—xi, AB—y j, BC—z k ; 

s. r=xyi+yj+zK e vr 

s way in terms of the co-ordina- 

passing through the 

x, y, z are called 

f ralong those 


(1:14) 


Hence, any vector r can be represented in thi 
tes of its terminus with respect to a cartesian system of axes, 
origin of the vector and three unit vectors along the three axes. 
the rectangular components, or resolutes, or resolved parts o 
directions. 

It is evident from the figure that, 

OC! —OB!- BC1— O 43-- AB? - BC* 
so that, r*—3*- y? z* 

Thus, the square of the magnitude of a ve 

squares of its rectangular components. 


E (1°15) 
ctor is equal to the sum of the 
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If the angles between the vector r and the axes OX, OY, OZ be «, B, y respec- 
tively, then 

OA x 

cos «—cos/ COA "9077 


s 
&—cost X. 
r 


Similarly, 8—cos-i TL e ue (1:16) 


y-cosi 2 
cos «, cos B, and cos y are called the direction cosines of the vector r. 
If two vectors are given, : 
T;—23; 1+y, j--z, k and Ta—2X; i+ y, j+zk 
their sum is evidently, 
T; Ty—(x4-x,) i+ (y+ yy) i+(z1+2:) k vee (117) 
This result may be applied to any number of vectors ; the components of the 
sum are then equal to the sum of the components, so that, 
Zr——Ex-jXy-kXz ce es (1:18) 


Example 1:9. Find the magnitude of the vector I,—51—6j--8k. Find 


also the magnitude and direction of the resultant of this vector and the vector 
747-201 -6j — 8k. SO. 


Solution: (a) The magnitude of r, is given by 
r? =514 (—6)2.-82—195 9n r,—1I:2 unit 
(b) The resultant of the two vectors is 
F—fi-ETg— (54-20) 1-- (—6--6) j+ (8—8) k—25 1. 
Hence the magnitude of the resultant is 25 unit and it is directed along X-axis, 


9 EXERCISE 9 
[A] Essay type questions 


A. Distinguish between vector and scalar quantities, giving examples from different 
branches of physics, How could you geometrically represent a vector 7 

2. What do you mean by the resultant of a Set of vectors? How can you obtain the 
resultant of two vectors inclined at an angle 0? What isthe resultant of two collinear vectors 
which act in the same direction or in the opposite direction ? 

3. Explain the difference of scalar addition and vector addition. Write down the triangle 
law of addition of vectors, Is there any discord between this law and the parallalogram law of 
vector addition ? Explain. 

4. State the parallelogram law of vector addition, 
the magnitude and direction of the resultant of twi 
inclined to each other at any angle, What will be the 
ifthetwo vectors be at right angles to each other ? 

5. State the polygon rule of vector addition, Prove this law with the help of triangle law 
Of vector addition, 

6. What is the difference between scalar su 
the method of subtraction of vectors. 


7, What do you mean by the component of a vector in 8g iven direction? How can you 


ON 


With the help of this law, determine 
O vectors acting at the same point and 
magnitude and direction of the resultant 


btraction and vector subtraction ? Explain 
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determine the component of a vector in a given direction ? Is it possible to have any number 
of components for a given yector ? Explain. 
8. What is resolution of vectors ? What do you mean by rectangular components of a 
vector? Determine their magnitudes. 
9. Explain how can you obtain the resultant of a set of vectors by the method of rectan- 
gular resolution. 
10. What is a unit vector? What is the significance of multiplying a vector by a real 
number ? 
11, How can you represent a vector by co-ordinates in three dimensional space? Discuss 
the method of finding the resultant of two vectors by this method. 


[B] Short answer type questions 


1. Which of the following quantities are vectors and which are scalars ? 

Mass, Velocity, Specific gravity, Power, Time, Acceleration, Momentum, Energy, 
Speed, Temperature, Specific heat, Torque, Moment of a force. 

2. Define :—Coplanar vector, Collinear vector, Unit vector, Zero vector, Negative vector. 

3. Prove that if three vectors can be represented in magnitude and direction by the three 
sides of a triangle taken in order, their resultant would be zero. 

4. (i) Can the resultant of two vectors inclined to each other at any angle be zero ? 
(ii) Can the magnitude of the resultant of two vectors be smaller than the magnitude of either ? 
Explain your answer. 

5. A, B and C are three vectors. Prove that (i) A+ B=B+A (ii) A+B+C=A+C+B 

6. Two vectors A and B of equal magnitude are at right angles to each other. Prove 
that the vectors ( A+B ) and ( A—B ) have equal magnitude and are normal to each other. — - 

7. “The combined action of two or more vectors can be represented by that of a single 
vector" —Justify the statement with the help of suitable examples. What is the name given to 
this single vector ? 

8. Canany one of the components of a vector have a greater magnitude than that of the 
given vector itself ? What would be your answer for the rectangular component of a vector ? 

9, Cana vector have a component at right angles to itself ? 

10. **We can consider the effects of the two rectangular components of a vector separately" 
—Justify the statement with some practical examples. 

11. Which one of the following statements is correct ? Justify your answer, 

(i) A vector has only one component, (ii) A vector has only two components. (iii) A 
vector has countless components, 

12, Two yectors are acting at a point. If one of them be reversed in direction, their 
resultant turns through an angle of 90°. In this case, which one of the following statements is 
correct ? Explain your answer with suitable reasons. 

(i) Two vectors are unequal in magnitude, 
(i) Two vectors are equal in magnitude. 
(ii) The magnitude of one vector is double that of the other. ; ; > 

13. The magnitudes of the vectors P and Q are 5 and 10 unit respectively. The magnitude 
of their resultant can never be equal to (i) 12 (ii) 5 (iii) 4 (iv) 8 unit. Which one of the 
above answers is correct ? Why ? ; 1 ; 

14. Two vectors P and Q have respectively the magnitudes 4 and 3 unit. The maximum 
andthe minimum values , of the magnitude of their resultant are (i) 12 (ii) 1 (iii) 7 (iv) 5 
unit, Point out the two correct answers with suitable reasoning. 


Probiems. xi j 
1. Perform graphically the following vector additions and subtractions. 
(a) A+B, (b) A+B+C, () A-B, (d A+B-C. 
2. Ifthe sides AB and AD of a parallelogram ABCD represent the vectors P and Q what 
the vectors represented by (i) 4C, (ii) CD, (iii) BC, (iv) BD. "d is ; 

ec i [ Ans. (i) P+Q, Gi)—P, (iii) Q, (iv) Q-P] 
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. 3. CDisthe median of a triangle ABC, If CD and DB represent the vectors P and Q, 
what are the vectors represented by (i) CB, (ii) AD, (iii) AB (iv) CA? 

[4ns. (i) P+Q, (ii) Q, (iii) 2Q, (iv). P—Q.] 

4. Find the properties of two vectors A and B when (a) A+B=C and A+B=C, 

(b) A--B—A- B, (c) A+B=C, and 4*--B*—C*, (b) A-B=C and 44-B—-C.. [4ns. (a) A 

and B are parallel (b) B=0 (c) A perpendicularto B, (d) A and B are in opposite direction.] 

'5. Can two force of magnitude 6 kg. and 10 kg. respectively have a resultant of 12 kg.? 

What are the greatest and least values that the magnitude of their resultant can have ? Explain. 

z [Ans. Yes; 16 kg. and 4 kg.] 

6. A vector r is the resultant oftwo vectors a and b which make angles of 30° and 60° 
respectively with it on opposite sides, How large are the latter vectors ? 

: [4ns. a—0:866r, b —0'5r] 

7. A helicopter flies a straight course of 100 km, in a direction 30° north of west, How 

far is it then (a) to the north of iis take off point, and (b) to the west ? 5 

[ Ans. (a) 50 kin, (b) 86:6 km. ] 

8. What is the angle between a 4:00 unit vector and a 5-00 unit vector so that their sum is 


8:00 units ? E [ Ans. 549° ] 
9. Add the following forces by the component method ; 30 dynes at 20°, 15 dynes at 120° 
and 10 dynes at 315° to x-axis. ; [ Ans. 33:01 dynes at 393^ ] 


10. Find analytically the resultant of the vectors 

a= 4i—6j+12k 

b=—4i+ 6j—12k 

c= 61—4j—10k 
d= 8j- 5k [ Ans. 6i--4j— 15k ] 
11, A car travels at an average of 40 km./hr. After travelling east for 1 hr. it turns and 
travels north for 45 mins., then east again for 30 mins. . How far is it from the starting point ? 
[ Ans. 67:08 km. ; 26:6? N of E ] 
12. The resultant of two forces at right angles is 50 gm. wt. If one of the forces makes an 
angle of 30? with the resultant, calculate the forces. (Ans. 43:3 and 25 gm. wt. ] 


Harder Problems 


1. Find the horizontal force and the force inclined at 30° to the vertical, whose resultant 
is a vertical force P dynes. [ Ans, P[4/3 and 2P[4/3 dyne ] 
2. Ifthe resultant of two forces is equal in magnitude to one of them, and perpendicular 
to it in direction, find the other. [ Aas, 4/2 times the former, inclined at 135° to it ] 
3. Determine the resultant of three vectors of magnitude 1,2and 3 whose directions are 
those of the sides of an equilateral triangle, taken in order. 
; 3 3 [ Ans. 1-732 units at an angle of 210° to the first vector ] 
4. Aman walks 2:0 km. directly south west, then 4:0 km. east, and finally 6:0 km. north 
east. (a) How many kms. did he walk ? (b) Specify the x— and y— co-ordinates of his final 
. position w.r.t, the staring point, (c) What is bis displacement w.r.t. the starting point ? 
[ Ans. (a) 12:0 km. ; (b) 683; 283 ; (c) 7:4 km. ; 22:5? N of E] 
5. Two forces P and Q acting at a point have got a resultant R ; if Q be doubled, then 
"Ris doubled. Again if Q be reversed in direction then also Ris doubled. Prove that P: 0; 
URey2: J3: Q2. ; 
6. Two force P and Q acting on a particle at an angle 0 have a resultant Qk-H1)/ PT Qi. 
When they act an angle 90°—4, the resultant is ( 2k— 1 Pr» Prove that tan 8— (k—1)J 
(k+1). ; : : 


` ` 7. Theresultant of two force P and Q acting at a point i 
angle 30* with the direction of P. Show that either. S «equal to s/3Q and makes an 
P=Q or P=2Q. 


8. OA, OB and OC represent in magnitude and direction t 

If P Q—2R, prove that C is the midpoint of AB. à hree vectors P, Q and R. 
9, The magnitude of the resultant of P and O i th i 

Show that the resultant of 2P and Q is Petpénd iod iG Q ee eee of P. 


— 


2 MOTION 
CHAPTER 


2:1. Body and Particle. 


We start this chapter with some elementary definitions of certain terms which 
we shall come across in our subsequent discussions. 

First of all, we explain what is meant by a body. A certain amount of matter 
limited in all directions and consequently having a finite size, shape and occupying 
some definite space is called a body. A body is said to be rigid if the distance 
between any pair ofits constituent particles remains unchanged. On the other 
hand, a particle is defined as a portion of matter infinitely small in size so that for 
the purpose of investigation, the distance between its different parts may be neglec- 
ted. Thus a particle has only a definite position, but no dimension. 

It is often convenient to neglect the size and shape of a body’ while considering 
its motion and to treat it as a particle. For example in discussing the motion of 
a train, it is not necessary to give a detailed description of the train in order to find 
its position or speed. 


2:2. Rest and motion ; Reference Frame. 


A body is said to be at rest when it does not change its position with time ; on 
the other hand, if the position of a body continually heer with time, it is said 
to be in. motion. 

Attempts to visualise the state of rest or of motion of a body leads us to the 
concept of reference frame. Description of the state of a body requires a second 
object, with respect to which the state must be specified ; otherwise, it would 
have no sense. The inherent meaning of the above statement is that when we 


speak ofa body in rest or in motion we always say this in comparison witha . 
second body, which is known as the reference body. Thus when we say that — 


the car is at rest or in motion, the description seems to be complete. However, this 
implies that the state of the car is being described with respect to the earth—-the 
reference body in this example. 


To locate the position of a body relative to the reference body, a system of 
co-ordinates fixed on the reference body is constructed. This is known as 
reference frame. s 

A body may be described as in motion or at rest depending upon the 
reference body from which itis being observed. If two cars 4 and B move 
side by side in same direction with same speed [Fig. 2:1], it would appear to 
the ‘passengers of the cars that they are mutually at rest with respect ‘to one 
another. Obviously, relative to a reference frame on A, B is at rest. The reverse 


is also true. 
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Depending upon the choice of reference body, the description of the state of 
motion of a body may also vary. As a fast train over-takesa slower one a 
passenger in the former will have the 
impression that the latter is going back- 
wards. Actually, the slower train is 
moving forwards all the time, but as it 
is not going fast enough to keep up with 
the first one, it appears to go in a direc- 
tion opposite to that of the latter, 


Choice of suitable reference frame. 


Fig. 2:1 ing the state of a body is important. Thar 


state of rest or of motion of different terrestrial bodies, earth is taken as the frame 
of reference. But earth itself spins around its axis and also whirls round the sun 
at a speed of nearly 30:6 km. per second. The sun is also not fixed ; the whole 
solar system is moving amongst the galaxy of stars which themselves are always 
in motion with respect to each other. 'The whole universe seems to be always 
expanding. Thus an absolutely stationary reference frame is not realisable in 
practice and as such, the concepts of absolute rest and absolute motion are in 
reality meaningless. The state of rest or of motion of a body is, therefore, always 
relative. In fact, a suitable reference frame on a second object is chosen which is 
taken asfixed. In the following pages unless anything is mentioned, the state of 
a body will always be described: with. respect to a reference frame fixed on earth, 
2-3. Kinds of Motion. ccm tenes 
` _ The motion’of'a body may be either translational or rotational or both. The 
translational motion may again be of two kinds—rectilinear and curvilinear. 


Fig. 22 : Rectilinear motion 


Fig. 23 : Curvilinear motion 
lf the constituent particles of a body move identically so that the line joining 
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any two points of it always remains parallel to itself, the body i. 7 

in translational motion. E pda creo dag 
When the translational motion takes place along a straight line, it is said to be 

rectilinear | Fig. 2:2]. Mation of a freely falling stone, or a train running in a 

straight track or of a bullet immediately after firing are examples of rectilinear. 

motion. 


If a body revolves about a fixed point or axis, it is said to be in rotational 
motion. As the body rotates, the line joining any two points in it, makes conti- 
? 


Fig. 24 : Rotational motion 


nually changing angle with its initial direction. "Motion of a fly-wheel about its 
axis [ Fig. 2'4 (a) Jor of a rapidly spinning top [ Fig. 2:4 (b)] are common 
examples of rotational motion. 

Often, the motion of a body: is complex having a combination of both transla- 
tion and rotation. Typical examples are the motion of a Spinning cricket ball or 
of the wheels of a vehicle or of the earth around the sun etc, È 

In general, motion of a body occurs in space ; the motion is said to be three’ 
dimensional. Three co-ordinates ( x, y, z ) are then necessary to specify the 
position of the body. If, however, the body is restricted to move on a plane, the 
motion is said to be two dimensional. Two co-ordinates ( x, Y ) are then sufficient 
to locate its position. When the body moves along a straight line ( rectilinear 
motion), the motion is said to be one dimensional. Only one co-ordinate (x) is 
then sufficient to specify its position. 

24 Displacement, 

The displacement of a moving body in a particular direction during a certain 
interval of time is defined as its change of position in that interval. It is given 
by the vector drawn from the initial position of the body to its final position. 

The displacement is independent of the actual path traversed by-the body in 
motion so long as its initial and final position remain the same. 
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Thus, if in a certain interval of time, a car moves from Ọ to P, its displace- 


> 
ment is given by the vector OP [Fig. 2:5]. 
The car may effect this displacement 


lines), but its displacement remains the 
same, : 
This concept of displacement of a 
body is also valid when the motion of 
Fig. 2:5 : Displacement the body is not confined in a plane ; 
when.the motion occurs in space (three dimensional motion), the displacement 
at any instant is given as before, by the 
vector drawn from its initial position ‘to its 
final position. "Thus, the displacement of 
the football kicked by a playér is given by 
the vector shown in the Fig. 2*6; 
/2:5 Speed. © : 
The speed of a moving body is defined as 
the lengtk of path actually traversed by it - dies ARES QU 
per unit time. The path may be straight or Pilg sot ae poss) 
curved. We simply find out the distance (s) coverved by the body along its 
path in a certain time interval f.and the Speed y of the body is given by 
3 — distance moved — s 
Speed i D e co A SIM rae 
The concept of speed thus involves the idea of magnitude only, not any 
‘particular direction. Jt is thus a scalar quantity. The unit of speed is one 
centimetre pér second (cm./sec.) in the C. G: S. system and one mette per second 
(m./sec ) in the M. K. S. system. ` In the F. P. S. system, the unitis one foot per 
second ( ft./sec.). "Many other units such as mile per hour (mi./hr), kilometre 
per hour (km./hr.) are also used. os 3 ; 
"The speed of a body may be uniform or variable. The speed is said to be 
. uniform when the body in motion covers equal lengths of path in equal intervals 
. of time, however, small these- intervals ‘may be. Thus, ifa body moving with a 
uniform speed covers. the distance s in time t, then in time ¢/4, the distance 
moved will be 5/4 ; in time ¢/10, the distance will be s/10 etc. 


When the speed is variable, we introduce the concept of average speed, A 
d imple example will he] 

mile Paes oS elp to 

e nig nile grasp the concept easily, Let 

6 B D» : er us consider a car moving along 


` Fig. 2:7 : Average speed covers the first 50 miles from O 


i to B in 2 hours the next 40 
s ¥ . - M v * d 
ve cti Cin one hour, while the remaining 60 miles from C to A 


along various routes (shown by the dotted _ 


the road OA [Fig 27] Te 


Seo A ES 
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The average speed over the total path is simply obtained by finding out the 
total distance covered and then dividing this by the time spent in doing so. Thus 
the average speed of the car, @, is given by, 

d= 5954522 —152—30 mile per hour. 

Thus for a particle moving with a variable speed, if the length of path covered 

in time ¢ be s, 


distance covered _ s gi : (2:2) 
- elapsed time — t e 

Comparison with equation (2:1) makes it obvious that the average speed 
9 represents the value of that constant speed at which the same object could have 
traversed the same distance s in the same time interval t. 


-The value of the average speed depends on the length of the time interval 
chosen. In the foregoing example, if the average speed is computed over the last 
3 hours i. e., for the journey of the car from Bto A, it comes out to be 4¢¢ 
192-334 mile/hour. ` 


When the speed is variable, we may be interested in finding out the speed of 
the moving particle at a certain instant of time or at a particular point of its path, 
called its instantaneous speed. In doing so,a 


average speed, p= 


logical difficulty arises. An instant of time has Ts 

no duration and hence a body cannot cover any : c B 

distance precisely at any instant. D 
To avoid this difficulty, we calculate the Fig. 2:8 


average speed of the particle over a small length 

of path CD— As,* which includes the point B at which the instantaneous 
speed is required [Fig. 2:8]. This is given by As/At, where At is the 
small interval of time during which the path CD is described. Now, if gradually 
still smaller lengths of path always including the point B, are chosen, the points 
C and D approach B and more nearly the average speed over this length of path 
will equal the instantaneous speed at B. In the limit when the path length 
becomes infinitesimally small, the average speed over it equals the instantaneous 
speed at B. 


Thus, the instantaneous speed at a point is defined as the limit of the 
average speed over a path length that tends to become zero but always includes 
the point. We should note that as the path As becomes increasingly smaller, the 
corresponding time interval. Ar also gets smaller. Their ratio is, however, finite. 

The instantaneous speed v is thus given by v—Lt As 

At->0At 

In the calculus notation, this is written as ya E (2:3) 

Henceforth, by the speed of a particle we shall always imply its instantaneous 
speed, unless otherwise mentioned. 


x Read this as ‘delta ess’. This must not be taken to mean ‘A times s’. This placing of the 
symbol A before s means “‘a.very small change in the value of s”. 


P Been ni~ 16 59% 
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26 Velocity. 


The velocity of a moving body is defined as its rate of displacement. Alterna- 
tively, it can also be defined as the change of position of the moving body in a 
definite direction, per unit time. Thus, the distance covered by a body in a 
definite direction in one second is a measure of its velocity. Velocity is thus a 
vector quantity. Units of velocity in different systems are the same as those of speed. 


The velocity of a body may be uniform or variable. To be uniform, its 
magnitude and also its direction must remain the same. The velocity of a moving 
body is said to be uniform, when moving in a particular direction along a straight 
line, it covers equal lengths of path in equal intervals of time, however small these 
intervals may be. fa 

When the velocity is variable, the average velocity ofthe moving body is 
obtained by dividing its displacement by the 
length of the time interval during which the 
displacement takes place. Considering again 
the example for the moving car discussed 
earlier, its displacement S is given by. the 

> 
vector OA, its actual path being shown by the 


dotted line [ Fig. 2*9 (a) ]. Thus its average 


velocity Y is given by v -+ e (2:4) 


where ¢ isthe time spent in making the trip. 
Fig. 2:9 : Average velocity The average velocity V is represented by thc 


— > 
vector PQ in Fig. 2:9 (b). The length of the vector PQ is a measure of the 
magnitude of the average velocity. While its direction is parallel to that of 

— 
displacement vector OA. 
To find out the instantaneous velocity of a particle moving with non-uniform 
velocity, we again consider the path ofa particle shown in Fig. 2:8, Measured 
from its initial position O, the displacement 


&, of the particle at the position C is CM Ee 
-> 

is given by the vector OC, while its dis- Path 
placement 8, at the position D is given by 9 

-> [9] —!á—À 
the vector OD [Fig. 2:10 (a)]. The change (a) y= hE 
in displacement As of the particle at (b) 
as it moves from C to D is given by the Fig. 2:10: Instantaneous velocity 


> 
vector CD. Prom the conception of vector difference [ vide Article 1:4 ], 
> > > 


CD—OD—O0C i.e., AS=8,—8, 
The average velocity of the particle during the interval of time At as the 
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particle moves from C to D, is v -2 which is represented by the arrow shown 
in Fig. 2:10 (b). As in the discussions on instantaneous speed, if the displacement 
A8 is made progressively smaller, then in the limit when it approaches zero, the 
average velocity over the interval equals the instantaneous velocity at the point B. 
Thus we can define the instantaneous velocity at a point at a certain instant of 
time as the limit of the average velocity over a displacement that tends to zero but 
always includes the point. Its symbol is V. Thus, 2 


v=Lt As 
Ato At 
In calculus notation, this is written as 
ds 
Obviously, the magnitude of the v 
instantaneous velocity vector V is the v 
instantaneous speed y and its direction A. B p path 


is along the tangent to the path drawn 
at the corresponding point [ Fig. 2°11 ]. 

From now on, unless referred 
otherwise, the term velocity will mean the instaritaneous velocity. 


v 
Fig. 2:11 : Velocity is tangent to the path 


2-7. Distinction between speed and velocity. 

The definition of speed does not involve the idea of direction. Speed is thus 
ascalar quantity. The definition of velocity involves, on the other hand, the idea 
of both magnitude and direction. Velocityis thus a vector quantity. Speed is 
the magnitude of velocity. Both speed and velocity are, however, expressed in 
the same units. 

A moving car with its speedometer constantly showing 60 km.[hr. obviously 
has a uniform speed. But the direction of motion may be constantly changing, 
the road being curved and thus its velocity is not uniform but is changing. 

Example 2-1. 4 train travelling at an average speed 60 km. p.h. takes 
20 min. to travel froma station A toa station B. Find the distance between 
the two stations. : 

Solution: Speed y—60 km./hr.—1 km./min. 

Distance s=v.t=1 x 20—20 km. 

Example 2:2. A car covers the first half of the distance between two places 
at a speed of 40 km.|[hr. and the second half at 60 km.[hr. What is the average 
speed of the car ? [LLT. 74] 

Solution : Let the distance between the two places be 2x km. 


Time taken by the car for the first half on the journey = hr. 


Also, the time taken for the 'second half— 2 hr. 


x 5x 


The total time of the journey + 80^ 120 hr. 
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Average speed= Tance zm 548 km/hr. 

Example 2-3. 4 cyclist moves 12 km. due north and then 5 km. due east in 
3 hr. . Find (a) his average speed, (b) average velocity in m.[sec. 

B 5km .C Solution: In the Fig. A shows the initial and Č the 
final position of the cyclist. The total distance covered by 
the cyclist is AB--BC—12--5—17 km. 

Its average speed—=4, km./hr.—1:57 m./sec. 


km. 


— 
Its displacement is AC and the magnitude is given by 
AC=vy AB? + BC3—4/123-52—13 km. : 
Its average velocity —212 km./hr. 


ea 
—l2'm./sec. along AC, i.e., at tani yr or, 22:6? 
u^ E of N. 

2-8." Acceleration. 

In nature, bodies seldom move with a uniform velocity. In most cases, 
velocity of a body changes in magnitude or in direction or in both ; the motion is 
said to be accelerated or the body is said to haye an acceleration. 

Acceleration of a moving body is defined as its rate of change of velocity. 
Since velocity is a vector quantity, acceleration is also a vector quantity. Units of 
acceleration in C. G. S. and M. K. S. 


systems are one centimetre per second per of 
second (cm./sec®) and one metre per p 
second per second (m/sec?) respectively, © ©, oS I y 

In F. P. S. system, the unit is one foot A 
per second per second (ft./sec*). 

"Like velocity, acceleration of à 
particle may also be uniform ör variable. (b) 
Acceleration is said to be uniform when 


the velocity of the particle changes by Fig. 212 : Average acceleration 


however small the intervals may be. 
» we introduce the concept of average 
of a particle moving with non-uniform 


Fig. 21200). during this interval (t—1) is v—v, 
Hence the average acceleration f is given by f= YZY. 
J tert, 
If time is 
PISIS is counted from "s Bees when the particle is at O, the expression 
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The difference (v—v,) of the two velocities can be found by the triangle 
method for finding vector difference [Fig. 
2:12(b)]. The average acceleration vector 
will be parallel to this. 

If the time interval is chosen to be 
very small, given. by Af, the correspon- 
ding change in the velocity will also be 
very small denoted by Av [Fig. 2:13]. 
The position of the particle at the beginn- 
ing and at the end of the interval are denoted by 4 and B. The average 
acceleration over the interval is thus given by 


Fig. 2:13 : Instantaneous acceleration 


As before, by considering an infinitesimally small time interval we can find 
out the instantaneous acceleration at the point C. The instantaneous accelera- 


, tion of a particle at à point at a certain instant of time is defined as the limit of 


the average acceleration over a displacement. that tends to zero, but always 
includes the given point. Thus it is given by — f—Lt AV 


At At 
Tn calculus notation, 
dv 
sis en d (2:7) 
A UMEN" ^ . d[ds] d'e m 
Saey ae fe |e ose: £9 


Henceforth, unless otherwise specified, the term ‘acceleration’ will mean the 


` "instantaneous acceleration’ of the particle. 


We can resolve the acceleration vector f into two components, one along the 
path and the other perpendicular to it. Change in the velocity of a particle can 
be brought about by changing its magnitude or direction. The component of 
acceleration parallel to the path changes the magnitude of the velocity while the 
component normal to the path changes its direction. 

Though the term speed signifies the magnitude of the velocity, no such 
corresponding word is there to describe the magnitude of acceleration. Hence the 
word acceleration is used either to express the vector quantity or its magnitude. 
2:9. Negative Acceleration, ; 

"When a moving body is slowing down, its final velocity is less tham its initial 
velocity and its acceleration is then negative. The rate of decrease of the velocity 
is called retardation o; deceleration. For example, a body thrown upwards, a 
moving car after the application of brakes etc., execute retarded motion, 

Example 2:4. An athlete running in a straight line increases his velocity 
from 12 km.[hr..to 20 km.[hr. in 20 sec. What is his average acceleration ? 

Solution : 

20 x 1000 


20 km, hr. = 


m. [secum orm. [secs : 
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12x 1000 ERU 
12 km./hr.=— gg e= 3 zn./sec. 


average acceleration f — pu =; m./sec?—11:1 cm./sec.? (approx.) 


Example 2:5. A body moving in a curved path possesses a velocity 3 m./sec. 
N towards north at any instant of its motion. 
i After 10 sec., the velocity of the body. was 
iB found to be 4 m./sec. towards west. Calcu- 
3m/sec.N late the average acceleration during this 
interval. 

Solution: To solve this problem the 
vector nature of velocity must be taken into 
-3 mjsec.S account. In the figure, the initial velocity v, 
m andthe final velocity v are drawn from a 
common origin The vector difference of 
1 them is found by the parallelogram method 
S (vide Art. 1:4). . 

The magnitude of the difference is 
Iv-v.| -0C— / 0473 AC 


» 
ES 
3 
$ 
ais) 
o 


0 


=y PF =5 m./sec. 
The direction is given by tan 0—$—0:75 50085971. 
Average acceleration= —Ye — 9.05 m./sec.? at 37° S of W. 


t 
2:10 Rectilinear Motion with Uniform Acceleration, 

The simplest example of accelerated motion is that of a particle moving in a 
straight line with uniform acceleration. In this case three simple relations 
connecting the distance, velocity, acceleration and time can be obtained as follows : 

If a particle moves along a straight line with a uniform acceleration f and if u 
and v are its velocities at the beginning and at the end of any time interval ¢ during 
its motion, and s the distance traversed during the said interval of time, then 

(i) v=u+ft 
(ii) s=ut+4 fe 
(ui) vu? +2fs 
(i) To prove the relation y—u- ft 


Let u be the initial velocity of the particle and v its final velocity for the inter- 
val of time ¢. Thus the change in velocity during this time t—y—u. 


Hence the rate of change of velocity". 
But this is, by definition, the uniform acceleration f of the body. Therefore, 
f= — or, v=utft —.. 52: (2:9) 
* If the body starts from rest, then u—0 ; thus 
v=fi A = (2:10) 
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(ii) To prove the relation s=ut+ i ff 
When the body is moving with a uniform acceleration, its velocity is conti- 
nually changing. The average velocity during an interval of time t in which the 
body describes the distance s is given by eqn. (2:4) 
=> or, s=ŭt 


Now from eqn. (2:9), the velocity of the body at a time 1' after the beginning 
of the interval t(t’<1) is u+-ft' and the velocity at a time t” before the end of the 
interval t is u--f(t—1') 

Mean of these two velocities “tA tut f(t) 
_u+u+ft_ uty 
NR) 2 
- We can divide the whole time interval t in such pairs of instants equally spaced 
in time after the initial and before the final instants. For each such pair of 
instants, the average velocity can be calculated as above and the result will always 


be ga Hence the average velocity ? over the time interval t'is given by 


pt E e (2:11) 


the distance 5 traversed in time £ is given by 
sar Y LU f from eqn. (2:9) 

—ut-Fi ff Dye s (2°12) 
For bodies starting from rest, u—0 ; then 
| sif e Us (2:13) 

(iii) To prove the relation y*=1?+ 2fs 

To get this relation, we eliminate ¢ between the eqns. (2:9) and (2:12). 
Thus from eqn. (2:9), v=(u+ ft =u + 2uft+ fre 


| =u + 2f(ut+ 4 fe) 
| =u + 2fs 28 v (2:14) 
i * If the body starts from rest, then u=0 

vi=2fs “At "s (2°15) 


Alternative proof of the three relations using calculus : 
The above equations can be obtained in a simple and elegant manner using 
calculus definitions of velocity and acceleration. We have from equation (2:7), 
fo on dvefüt 


Acceleration being uniform, f is constant. Integrating, 
fdv fdt+e, or, v=ftte 
| where c, is a constant of integration. If u be the initial velocity v=u, when t=0 ; 
| then u=0+¢, 
: y—u-- ft which is equation (2:9) 


But v -. ds=vdt =udt+ ftdt 
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Integrating, fds— fudt -- fftdt-- cs 
or, s=ut+} ft*-- cs 
where c, is another constant of integration. Now at the start 5—0, and 10. 
Hence c,=0. 
s=ut+4 ft? which is equation ( 2:12 ). 
dv dv ds ' dy 


Now, we can write Fami x Won rue UA vdy—fds 
Integrating, fvdv=ffds+c3 or, D fie 


2 

2-706 

Z- pore or, v=u?+2/s which is equation (2-14). 
2:11. Distance traversed by a particle in any particular second of 


its motion. 
To calculate the distance moved bya particle in any particular second, say 
third, or sixth, or nth in general, we proceed as follows : 
The distance traversed in the nth second—the distance traversed in n seconds 


—the distance traversed in (n—1) seconds. 
=un+ ¥ fr —[u(n—1)--3f(n—1)5] 
—u-Fif(2n—1) Js (2:16) 
Example 2:6. 4 body moves from rest with constant acceleration 10 m.[sec? 
Find (a) the speed v at the end of 10 sec. ; (b) the average Speed i for the 10 
sec. interval ; (c) the distance s covered in 10 sec. from rest. 
Solution : Since the body starts from rest, its initial velocity u—0. 
(a) From eqn. (2:9), v=u-+ft=0+10 x 10—100 m./sec. 
(b) From eqn. (2:11), ?5—3(u4- v)=3(0+ 100) m./sec.—50 m./sec. 
(c) From eqn. (2:12), s=ut+ y fP=(04+1 x10 x 103)—500 m. 
Alternatively, s=5t=50 x 10—500 m. 


is required to reduce the speed to 36 km.|hr. in this distance? Find also the time 
taken by the car to reach the speedlimit sign. 


Solution: u=20 m./sec. ; y—36 km./hr.=10 m./sec. ; s=100 m. 
Using the equation (2:14), we have, 


. vi—y? 10:—20 RUM 
f- 2x19 7-55 msec. 
Now, v=u+ft, .-. 10—20-F (—1:5) t or, t=6°67 sec. (nearly) 


Example 2-8. 4 car starts from rest and is accelerated uniformly at the 
rate of 3 m.[sec? for 10 sec. It then maintains a. constant speed for 20 sec. The 
brakes are then applied and the vehicle uniformly retarded to rest in 5 sec. Find 
the maximum speed reached in km.[hr. and the total distance covered in metre. 
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Solution: 4—0 m./sec , f=3 m./sec.?, t—10 sec. Hence from eqn. (2:10), 
we get v=ft=30 m./sec.—108 km./hr, , the maximum speed reached. 

Now applying eqn. (2:13), s,=}x3x10?=150 m., the distance traversed 
in first 10 secs. adi s (1) 

For the next 20 secs, the distance traversed is sg=vt=30 x 20—600 m. (2) 

When brakes are applied, the car is moving with a speed of 30 m;/sec. and 
being retarded comes to rest in 5 sec. Its acceleration is thus negative and is 
given by 


£030 
ier: 


Hence from eqn. (2:14 ) we have, MEI e deed m. Da (3) 


=—6 cm./ sec.? 


Thus the total distance traversed is found out by adding (1), (2) and (3) and 
thus ss, -+59+5=1504-600+75=825 m. and the maximum speed reached— 
108 km./hr. 

Example 2:9. A train moving with uniform retardation takes 20 sec. and 
30 sec. to travel two successive quarter kilometre. How much further will it 


travel before coming to rest ? : 
Solution: For the first quarter kilometre, we have from the equation (2:12) 


since 4 km.—250 m. 
250—ux20- 5 x90*. or, 2u--20f—25 RIOT 


For both path lengths taken together, total time spent and the corresponding 
distance traversed are 20 sec.-I-20 sec, —50 sec. and $ km.-- km.—4 km.—500 m 


respectively. 
Hence applying eqn. (2:12) once again, 
500—ux50--ifx50* or, u+25f=10 e (2) 
Solving (1) and (2) for u and f, we get 
u=% m./sec., f— —4 m/sec? : 

Now if s'be the total distance travelled by the train before it stops, then from 
eqn. (2:14), 
0=(83)?+2(—4)s or, s=602'1 m. 

Thus the train will move through a further distance of (602:1 —500)—102:1 m. 

Example 2-10. A particle moving with uniform acceleration described in its 
last second of motion one quarter of the whole distance. If it started from rest, 
how long was it in motion and through what distance did it move, if it described 
10 m. in the first second ? 

Solution: In the Ist. second of its motion, the particle described 10 m: 
from rest. 

Hence from eqn. (213), 10—4fx1* . or,  f=20 m./sec.? 

Now suppose that the particle starting from rest described the whole length of 


its path, s in f sec. ; then from equation (2:13), 
s=4x 20x t—106 E (1) 
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Again, the particle moved {th of the path in the f-th sec. Hence from eqn. 
(216) 
is—4f(2t—1)—4 x20 x (21—1) 
=201—10 
s. s=80t—40 s (2) 
Eliminating s from (1) and (2) we get, 9—814-4—0, the solution of which is 
t=4 42/3. 
If the two values of tare f, and fj, we have t;=7°464 sec. and 15—0:536 sec. 
The second value /, is, however, impossible and hence it is rejected. Thus 
the motion lasted for 7:464 sec. From equation (2) the distance traversed 
s=80 x 7:464—40—557:1 m. 


Example 2-11. A particle moving in a straight line with uniform acceleration 
moves through distances of 80 m. and 100 m. in two successive seconds. Find the 
velocity at the beginning of the first second and the acceleration. Find also the 
distance moved in the next second. 


Solution: Let u be the velocity of the particle at the beginning of the first 
second. Then from equation (2:16), if its acceleration be yA 


80=u+4f — (1) 
For the next second, putting n=? in the same equation, we get 
100—u4-$f «ot (2) 


Solving (1) & (2), we get u—70 m./sec. and f=20 m./sec.? 
The distance moved in the next second i.e., the third second is given by 
s=70+ $ x 20(2 x 3—1), 
—70--10x 5—120 m. 


Note: The problem can be solved without assuming eqn. (2:16). 


This is shown in the 
Ex. 2:12. 


Example 212. When acar is moving at 66 m.[sec. brakes are applied and 
it slows uniformly to 22 m.|sec. in 5 second. Determine (a) the acceleration and 
(b) the distance ss covered during the 5th second. 


Solution; (a) From equation (2:9), we have 


fecu o0 =—8'8 m./sec.? 


(b) From equation (2:12), : 

the distance covered in 5 sec.—66 x 5+4 x (—8:8) x 523—220 m. 

and the distance covered in 4 sec.—66 x 4--$(—8:8) x 41—193:6 m. 

Hence, the distance covered in the 5th sec. is $5—220—193:6— 26:4 m. 

Alternatively, we have directly from equation (2-16), 
$5766 + 4(—8:8) (2x 5—1)—26:4 m. 


212. Graphical Representation. 


A useful and convenient method of studying the motion of a body is to. cons- 
truct graphs in which the magnitudes of displacement, velocity or acceleration 
are plotted as ordinates and the time as abscissa, 
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Distance-time graph: A body moving with uniform velocity traverses 
equal distances in equal intervals of time ; hence the graph of distance against 
time will be a straight line viz,, OA in Fig. 2°14. 

AB Distance 


'The dient or slope of the line— ^7 — =Veloci 
gra pe OB Time elocity. 
Ee 
c 
8 
E 
Qa 
A Sj 
© j AS 
3 i 
& ‘ S 
5 H : 
9 i 
i 
1 
o Time B 
Fig. 214 : Distance-time Fig.2:15: Distance-time graph 


for non-uniform velocity 


graph for uniform velocity 

Hence the uniform velocity of the particle is given by the slope of tbe line. 

For a body moving with a variable velocity, the graph will bea curved line 
[Fig. 2:15]. Corresponding to the tune interval t,—t;==ac, the distance moved 
by. the body is S,—S,--bc. Thus the average velocity ? over the interval is 
given by, . 
i= $-—S5.. bc . dope of the chord ab 

15—t; ac. 

To getthe instantaneous velocity at time ¢,, as the time interval is made vani- 
shingly small, the point b approaches the point a. In the limit, the slope of the 
chord ab equals the slope of the tangent to the curve at the point a. The instan- 
taneous velocity v at a point is thus given by the slope of the tangent to the graph 
at that point. ; 

Velocity-time graph : For a body moving with uniform velocity, the plot of 
velocity against time will obviously be a 


straight line parallel to the time axis, vz, > 

line CB in Fig. 2:16. The area of the § 

rectangle OABC between the velocity-time S$ 

curvé and the time axis is given by, B 
area OABC=OC x OA=yt, which is the c Wy 

distance s through which the body moves. ND 


It the body moves ina straight line with 
uniform acceleration, the velocity-time curve O t A Time 
will be a straight line. If the body starts RE EA 
from rest, the line passes through the origin, 1g. s MA ego he wap 
viz. line OB in Fig. 2:17 (a). When it has 
an initial velocity u, the line DC will be as shown in Fig. 2:17 (b). In these 
cases also, the distance traversed by the body is numerically equal to the area 
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between the velocity-time curve and the time axis. To prove this, from Fig. 2:17 
(a) the area of the traingle, 


OAB-—43.0A.AB—.y—1. ft=4 ft?—Distance moved. 


(b) 
Fig. 2:17: Velocity-time graph for non-uniform velocity 
If-the body is not initially at rest, the lin 
[Fig. 2:17 (b). The area OACD 
—Area of the rectangle O4BD-4- Area of the traingle BCD 
—OD.OA-ti.DB.BC 
=ut+ it ft=ut+4 frt—Distance moved. 
For non-uniform acceleration, 


€ does not pass through the origin 


the plot of velocity against time will be a curved 
line [Fig: 2:18]. Proceeding exactly as 
before, we can show that the average 
acceleration over the interval (tg—t,) is 
given by the slope of the chord ab. The 
instantaneous acceleration at a point is 
- given by the slope of the tangent to the ° 
curve at that point. 


t A Time Applying the methods of calculus, it 
E can be shown that the distance moved in 
Fig. 218: Velocity-time graph for this case is also given by the area. included 


non-uniform acceleration between the curve and the time axis, 


2:13. Relative Velocity and Acceleration, 

We have scen earlier that all motions are relative and 
some other body. In our 
e earth so that the term “the velocity of 


In some problems we are 
Spect to another body (B) 
"relative velocity of 4 with 


Yas=Va—Vy 


N 
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and the velocity of B relative to 4 is 
VBa77Vg—V, 
Obviously, VAp——VgA 

It follows that if two bodies are moving in the same straight line along same 
direction, the relative velocity of 4 with respect to B is given by the simple 
expression yag—vy, —yg. If y, Ys, then y4 possesses identical direction as that 
of V, and Vg, so that when observed from B, A would appear to be moving 
forward with the velocity vag. Obviously vg, would have opposite direction ; 
hence when observed from 4, B would. seem to be moving backwards with 
velocity VBA(— — VA x). 

Ifthe two bodies are moving in the same straight line but in opposite direc- 
tions, we may take the velocity of one, Say va, as positive and that of the other vB 
as negative. The relative velocity of A with respect to Bis then obtained from 
the simple relation Yan=Va —(—vs)=Va+ Yp. So: when observed from B, 4 
would seem to be approaching B with the velocity y,,. Now Ypa=—Vg—V,= 
—(va+ Yg). Hence when observed from A, B would appear to be approaching 
A with the velocity yy, (— — y, y). 

Thusiftwo cars 4 and B, approach each other from opposite direction 
[Fig. 2°19], with velocities, say, 50 km./hr. and 60 km./hr.to the drivers of each 
car, the other car seems to be 
movirg towards him much. faster. 
Inthis example, they will seem to 
be approaching each other at the 
rate of 50+60=110 km./hr. which 
is the relative velocity of one with 
respect to the other. However, if 
at the same time another car C over- 
takes 4, say with a velocity of 70 
km./hr. the driver of A would think “ Fig. 2:19: Relative velocity 
that car C is moving forward much 
slower, viz., at the rate of 70—50—90 km./hr. the relative velocity of C with 
respect tod. To the driver of the car C, however, the car A appears to be 
travelling backwards with the same velocity. ; ? 

To find the relative velocity of two bodies which are not moving in the same 
straight line, the arrows representing their velocities viz, v, and Vy are to be 
drawn from a common point. Now to obtain the 
velocity of A relative to B ie. Vim, the arrow 
representing —V, is drawn from the same point. 
Vas is then found by adding v, with —vg by the 
parallelogram law. 

For illustration, let us suppose that two cars 
A and B are moving with velocities v, and Ys 
respectively, the angle between their direction of 
Fig. 2:20 motion being 0. In Fig. 2:20 v, is represented by 

— 


> ^ a M 
the directed line segment OA and vg by OB. The line segment OB' drawn equal 
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y 
and opposite to OB from the same point O, therefore, represents —Vp. The 


parallelogram OACB" is completed. Its diagonal OC, therefore, completely 
represents Vap- 3 
Thus the driver of the car B sees the car A to be ‘moving witha velocity van 
in the direction OC. The magnitude and direction of Va, can be calculated by 
using equations (1:3) and (1-4). 
— -> 
The line segment OD drawn qual and opposite to OC will represent Vga. It 
may also be obtained by the addition of Vg and —V, by the above method. 
"Therefore, the driver of the car A sees the car B moving with a velocity vp, 
(—v4) in the direction OD, ó i 
Now equation (2:17) may be written as 
Va=Va+Vap VOS (2:18) 
Thus, when two bodies are moving relative to each other the velocity of the 
first is the vector sum of the velocity of the second and the velocity of the first 
relative to the second. i : 
A man in a boat trying to cross a river to reach the directly opposite point (P) 
on the other bank, must direct his boat in thé direction ON shown in Fig. 2:21(a). 
If the velocity of the boat relative to water be Vay, and the water of the river itself 
flowing witha velocity Vw, then the velocity of the boat V, is obtained by 
vectorially adding the two. Thus 
Va=Vwt+Vaw D. ct (2:19) 
Tf the man rows directly across the river [Fig. 2°21 (b), the boat would be 
displaced down stream ; the man would reach the other bank at the point M, the 
line OM giving the direction of Vg, the velocity of the boat. 


Fig. 2:21: Relative velocity 


The relative acceleration of a body with respect to a second one is its rate 
of change of velocity relative to the second. It is the vector difference of their 


accelerations (relative to the earth). If the acceleration of the two bodies be f 
and f,, the acceleration of A relative to B is : 


dv 
fap fat, "m tee (2:20) 
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Example 2:13. A straight river 250 m. wide flows at the rate of 3 km.|hr. 
A man who can row at the rate of 5 km hr. in still water wishes to cross the 
stream at right angles to the bank. In what direction must he row and how long 
will he take to cross ? 


> 
Solution : Refer to the Fig. 2:21 (a), where OP represents the direction in 
which the man intends to move. His resultant velocity along OP is thus com- 
pounded of (i) the velocity of the stream v,,—3 km./hr. and (ii) his velocity with 
respect to still water ygy—5 km./hr. This is drawn along the direction in which 
the man rows. í 


Now, / RON is given by, sin Z RON— NR = 3-06 


ON  vsw 
ARON SD 


Thus the man must row upstream making an angle 37° to the direction OP. 
The magnitude of his resultant velocity yg along OP is given by 


Vp= OR—4/ ON! N RE—/ Vy? — V 
=V 51—31—4 km./hr. 
Hence the time taken to cross the river of width 250 ni. i.e., 0:25 km. is 
=25 —, hr.—3 min. 45 sec. 
Example 2-14. In the previous problem, if the boat is rowed straight across 


` the river, how long will the crossing take and at what point on the opposite bank 


will the boat reach? Calculate also the velocity of the boat. 

Solution: Refer to figure 2-21 (b). Since the two velocities Vew and Vw 
are perpendicular to each other, their effects can be found out separately. Dis- 
placement across the river is effected with the velocity Vgw while displacement 
along the river is effected with the velocity vw. 

time necessary for crossing the river-9333— 1. hr.—3 min. In this time 
the boat is carried 3 x 4 km. down stream by the current. Hence the boat reaches 
the point M on the opposite bank such that MP=,%, km.—150.m. 

The magnitude of the velocity of the boat is given by 

¥p=OR=V ON" + NR =V vaw t vy = V 52+ 33—5:83 km/hr. 

Its direction is given by / RON, where 

tan Z RONEN 3-06 or, / RON-3I*. 

Example 2:15. Two cars A and B are moving due north and due east with 
the velocities 80 km.[hr. and 60 km.[hr. N 
respectively. Calculate (a) the relative velo- H 
city of A w.r.t. B and (b) that of B w.r.t. A. : 


Solution : (a) Let v, and Vg be the velo- 
cities of the cars A and B respectively. From 
eqn. (2:17), the velocity of A relative to Bis eee 
VAB77VA—Vp 


Vay is obtained by the method of vector subtraction as shown in the figure, 
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Obviously v,g is the resultant of v a and —V, and is obtained by parallelogra 
method. Its magnitude is given by, 
` Van = VV t Yp = V 8024 602= 100 km/hr. 

The angle ô is given by 


tan 0=%8 909.75. 9=36:87° 
va 80 
Hence the relative velocity of the car A w.r.t. Bis 100 km./hr. at 
36:87? W. of N. 


(b) Here, the relative velocity of the car B w.r.t. A is 
Vga=Va—VA=—Vaz from eqn. (2:17) 
It is thus equal and opposite to Vp. Hence the relative velocity of the car 
Bw.rt A is 100 km./hr. at 36:87? E. of S. 


Example 2-16. A car leaves a certain place and travels due N. at 40 km.[hr., 
whilst a motor cyclist leaves the same place at the same time and travels in a 
direction 30° S. of W. at 20 km.[hr.' Find (i) the velocity of the car relative to 
the cyclist, (ii) the velocity of the cyclist relative to the car. 

' Solution: v, and Vm represent the velocities of the car and the motor cycle 
respectively. The velocity of the car relative to the cyclist is from equation (2:17) 
VoM=Vo — Vy. 
Voy is thus obtained by the method of vector subtraction -It is obvious that 
N Vou is the resultant of vg and —Vy which is 
obtained by the parallelogram method. Hence 
its magnitude is given by 
vom — 40? + 207+ 2.40.20.cos 60°=2800 
Yow7752:9 kim. /hr. 
The angle @ is given by tan 0 


MN nae A ux EE TT 
307^: 40--20 cos 607 9 946 
Ne 8—19? 


Thus the velocity ofthe car relative to the 
cyclist is 52:9 km./hr. at 19° E. of N. 
If vo be the velocity of the cyclist relative 
to the car then from equation (2:17), 
VM Vy —Vc— —Voy 
It is thus equal and opposite to Vom. Hence the velocity of the cyclist relative 
to the car is 52:9 km./hr. at 19° W. of S. 


Example 2°17. To a person moving due west in a car with a velocity 40 
km.|hr., a train appears to move due north with a velocity 404/3 km.[hr. What 
is the actual velocity and the direction of motion of the train ? . 

Solution : In the adjoining figure, Vo represents the velocity of the car and 


Vro represents the relative velocity of the train w.r.t. car. If V4 be the velocity of 
the train, then from eqn. 2:17, 


tA-------- 


Vro77V4—Vc 
Or, Ve=Vact+Ve 


) 
| 
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B p . b 
Vz is thus obtained by adding Vro and Vo "vectorially ; obviously v4 is the 
resultant of Vro and vg obtained by the parallelogram 
method. Hence its magnitude is given by 
r= V Yro + vo? " 
=V (40173)? + (40)? —80 km./hr. 


The angle 0 is given. by 


Vos sea E tn 4 Sane 
gt 07 Yep: o mae 

Hence, the actual velocity of the train is 80 km./hr. at 30* W. of N. 

Exampie 2-18. Rain is falling vertically. But it hits the windscreen of a 
car making an angle of 30° with the horizontal when the car is moving at 30 km. 
p.h. on a horizontal road. What is the actual velocity of the rain drops 
through the air ? 

Solution: In the adjoining figure, Vo and v, represent the actual velocity of 
the car and the rain respectively. If v&g be the velocity of the rain relative to the 
car, then from eqn. 2:17. 

Vro=Vr— Vo 
Hence Vg, is drawn by the method of vector subtrac- 
tion. Obviously Vgg is the resultant of V, and —Vg. 
According to the question vgg makes an angle 30° 
with the horizontal as shown in the Fig. 


=o —30 . 19/3 km./hr. 


9 EXERCISE e 


[A] Essay type questions 

1. Explain the terms ‘motion’ and ‘rest’. Discussthe importance of the reference frame 
in describing the motion of an object ? **Absolute rest or Absolute motion is unkown" Explain. 

2. Define translational motion. How many kinds of such motion are possible? Name 
them and discuss with examples. Distinguish between translational motion and rotational 
motion. 

What kind of motion is taking place in each of the following examples ? 

(i) arm chairs of rotating vertical merry-go-round. (ii) fly-wheel (iii) wheels of a moving 
vehicle. (iv) the earth rotating round the sun (v) a car driven along a straight path (vi) axle 
of an electric motor. ; 

3. Define :—(i) Displacement (ii) Speed (iii) Velocity (iv) Acceleration. Name their 
units, Why does time occur twice in the unit of acceleration ? 

4. Distinguish between the following :—(i) speed and velocity (ii) average speed and 
instantaneous speed (iii) average velocity and instantaneous velocity (iv) acceleration and 
retardation (v) average acceleration and instantaneous acceleration. 

Which one is more important in dynamics—average acceleration or instantaneous 
acceleration ? 

5. Define and explain giving at lcast one example in each case—(i) uniform motion 
(ii) uniformly accelerated motion (iii) non-uniform accelerated motion. How do you dis- 
tinguish between rectilinear and curvilinear motion ? 


P-I/4 
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6. A body- has an initial velocity and a uniform acceleration, Explain how can you 
deduce from.a velocity-time graph (i) the average velocity (ii) the distance travelled in a given 
time. Indicate how you can get the instantaneous velocity from the above graph. 

7. Establish the following equations :—(i) vexu-j-ft Gi) seut--3ft* (iii) y*eu*--2fs, the 
symbols being of usual significance. 

8. What is the distinction between the distance traversed by a particle in £ second and t-th 
second? Prove that, the distance traversed by a uniformly accelerated particle in 1-th second 
is u+-} f(2t—1). The symbols are of usual significance. 

Prove graphically” seut-4-ifrm 

9. Aparticle is moving along a straight path; Draw its velocity-time graph for the 
following cases :— 

(i) When the particle moves with uniform acceleration 
(ii) "When the acceleration of the particle increases 
(iH) When the acceleration of the particle decreases 
(iv) When the distance traversed by the particle obeys the relation $—44- 5442 
(v) When the acceleration of the particle is given by f=12 cos (6r) 
10. What are meant by ‘Relative velocity’ and ‘Relative acceleration’ ? 


Deduce the expressions for the relative velocity and accleration of a body. with respect to 
a second body which is also in motion, 


[B] Short answer type questions 


l. (a) Cana body have an acceleration with zero velocity? (b) Cana body moving 
with uniform speed have variable velocity ? (c) Can a body moving with uniform velocity have 
variable speed ? [ Model question, H. S. Council | 

2. (i) Can an object have an eastward velocity while experiencing west-ward acceleration ? 
(ii) Can the direction of the velocity of a body change when its acceleration is constant ? 

[ Model question, H, S. Council ] 

3. Aman walks round the perimeter of a square shaped garden, each side of it being of 
length 100 m, When he returns to the starting point, his displacement is (i) 100 m (ii) 400 m 
(iii) zero. Which one is the correct answer ? 


4. What is the nature of the motion expressed by the equation $—3,--ut 4-3 fi? 


5. Is the time variation of position, shown in the 
figure observed in nature, Answer with reasons, 


[I.I T. 79] 


TIME t 


POSITIÓN X 


6. In the given velocity-time graph, the area of the 
shaded triangle represent which one of the following 
quantities ? (i) average speed (i). average acceleration 
(iii) distance traversed by the uniformly accelerated. body 
(iv) instantaneous acceleration, 


VELOCITY—- 


TIME —— 


| 
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7. The figure represents the velocity-time graph of a particle movingina straight line, 
Answer from the figure the following questions ;— 
(i) Did the body ever move with uniform f 

velocity ? 

(ii) Did the body ever move with uniform 
acceleration ? 

(ii) What is the distance traversed by the 
body in 4 second ? 

(iv) Didthe body ever move with retarda- 
tion ? 

8. A train is moving along a straight track. 
Explain what would be the nature of its velocity- 
time graph in the following cases <i) It is 
woving with a uniform acceleration (ii) Its acceleration is increasing. [.H..5.*78] 

9, What could be the nature of the path of a moving body if its velocity and. acceleration 
be always directed along the path ? 

10. A boy sitting ona railroad car moving with a constant velocity drops a coin while 
leaning over the car, Describe the path of the coin as seen by (i) the man on the train 


VELOCI T Y(m/sec) —— 
5 


T 
| 
l 
i 
2 5 
TIME (Sec) —> 


(ii) a person standing on the ground near the rail. [ Model question, H. S. Council ] 
11. During rains, the rain-drops falling vertically appear to come down obliquely to a 
person sitting in a running train. Explain, [H.5.'79] 
Problems. 
1. How iong would a train travelling at a steady speed of 40 km. p. h. taketo travel 
through a tunnel, which is 6 km. long ? [ Ans, 9 min, ] 


2. A car covers first quarter of its journey at a speed of 30 km,/hr,, second quarter 
at 40 km./hr. and the rest at 60 km./hr. What is the average speed of the car during its 
journey ? [ Ans. 43:64 km.[hr. ] 

3. A motor car moves 40 km. due east and then 30 km. due north in 6 hr. Calculate its 
average (i) speed, (ii) velocity in m,/sec. : 

[ Ans. (i) 3:24 m./sec., (ii) 2:31 m./sec., 36:9° north of east ] 
"4. A cat starts from rest with constant acceleration of 9 m./sec.*, Find its (a) instantaneous 
speed at the end of 10 sec., (b) the average speed forthe 10 sec. interval and (c) the distance 
covered in 10 sec. from rest. [ Ans. (a) 90 m,/sec. (b) 45 m./[sec. (c) 450 m. ] 
5. Atrain starts from a station and acquires a velocity of 60 km. p. h. in 3 min, Calcu- 
late the acceleration and the distance moved in 3 min, from the station. 
[ Ans. 9:26 cm.[sec.*, 1:5 km. ] 
6. A car moves from rest with a uniform acceleration of 1:5 m./sec*. After what time 
and distance will its speed be 36 km./hr. ? [ Ans. 6:67 sec. ; 33:33 m. ] 
7. Before leaving the ground, an aeroplane travelling with constant acceleration makes a 
run on a field of 600 m. in 20 sec. from rest. Calculate (a) the acceleration (b) the speed in 
km./hr. with which the plane leaves the ground and (c) the distance travelled during the fitst 
and the last second of its run. [ Ans. (a) 3 m.[sec.? (b) 216 km./hr. (c) 1:5 m. ; 58'5m.] 
B. A motor car increases its speed from 30 km./hr.to 60 km.]hr. in. 30 sec. while tra- 
velling north. What is the acceleration ? [ Ans. 27:8 cm./sec.* towards North ] 
9, A train's speed increases uniformly from 15 km./hr. to 60 km./hr, in 15 sec. Determine 
(a) the average speed (b) the acceleration and (c) the distance travelled during the period. , 
[ Ans. (a) 37:5 km./hr. (b) 83:33 em./sec.* (c) 15625 m. ] 

10, A body moving at 5 cm/sec. is being acceleratéd uniformly and passes ovet next 300 
cm. in 20.sec, Calculate (a) the acceleration of the body, (c) the speed of the body at the end 
of 20 sec. { Ans. (a) 1 cm./sec.* (b) 25 cm./sec. ] 

11.. A motor car starts with a velocity of 50 km./hr. and moves under a constant retardation 
of 20 cm./sec?. Calculate (i) the velocity after 5 sec., (ii) the time when it steps, and (iii) the 
distance moved before coming to rest. [ Ans. (i) 464 km./hr., (ii) 69°45 sec., (iii) 482:2 m. J 
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12. A train moving with a speed of 48 km./hr, is brought to rest in 20 sec. by the appli- 
cation of brakes. Calculate (a) the retardation (b) the distance travelled before the train 
comes to rest and (c) the speed 5 sec, after the application of brakes. 


[ Ans. (a) 38:4 cm.[sec.? (b) 1-25 sec, ] 

14. When an automobile is running at 30 km./hr. the brakes are applied and it slows 
down uniformly to 10 km./hr. in 10 sec, Calculate the acceleration and the distance covered 
during the 10th sec. [ Ans. —55:6 cm.[sec.? ; 305-2 cm, ] 


the car at rest in 18 sec. Calculate the total distance travelled by car. [ Ans, 2:25 km, } 


17. A train travelling at 36 km./hr, has its speed reduced to 9 km./hr. in 10 Sec, Assuming 
the brakes exert a constant retarding force, find how far the car will travel before coming to 
rest from a speed of 54 km./hr. ? [ Ans. 150. m. ] 

18. A bullet leaves the barrel of a gun with a velocity of 600 m,/sec. Ifthe barrel is 150 
cm. long, find (a) the average acceleration of the bullet within the barrel and (b) time required 
by the bullet to travel the length of the barrel. [ Ans. (a) 120 km./sec,* (b) 5x 10-8 sec, ] 


[ Ans. 1 km, ] 
20. A body moving with uniform acceleration describes 22 m, in the 3rd sec, and 34 m. in 


Sth sec. Calculate (a) the initial velocity (b) the acceleration and (c) the distance moved in 
the 10th sec. [ Ans. (a) 7 m./sec, (b) 6 m./sec,2 (c) 64 m. ] 


speed of the train (5) the retardation and (c) the distance between t 
[ Ans. (a) 108 km,[hr. (b) 1 m./sec.? (c) 18:75 km. ] 

22. When a batsman Strikes a cricket ball its velocity changed from 30 m./: 
1030 m./sec. due south, What was the change in velocity ? 


25. A boat crosses a river, 500 m, wide and flowing at 3 km./hr 
point directly opposite on the 4 s - Find the velocity of the boat in still 
water and the direction in which it is actually steered, 
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the truck and (b) the velocity of the truck relative to the car. (c) Repeat your calculation for 
the car travelling in the opposite direction. 
[ Ans. (a) 40 km.[hr. towards east ; (b) 40 km./hr. towards west ; 
(c) 80 km./hr. towards west ; 80 km./hr. towards east. ] 
27. Acar moves due north at 50 km./hr., whilea wind blows from the north-east at 30 
km./hr. Find the speed and direction of the wind as they appear to a man in the car. 
[ Ans. 74:31 km./hr. ; 16°35’ east of north ] 
28. A motor car is travelling due north along a straight road at 40 km./hr. and a cyclist is 
riding due east along another straight road at 30 km./hr. Find the velocity of the car relative 
to the cyclist and also the velocity of the cyclist relative to the car. 
[ Ans. 50 km./hr., 53°8’ N. of W. ; 50 km./hr., 53*8' S. of E. ] 
29. To a cyclist riding towards north at 10 km. p.h. the wind appears to be blowing from 
the north-west at 12 km. p. h. Find the true velocity of the wind. 
[ Ans. 8:62 km, jhr. from 79°53’ W. of S. ] 
30. A man rows directly across a flowing river in time f, and rows an equal distance down 
the stream in time fs. If ube the speed of the man in still water and vthat of the stream, 
show that 
ff uy: Vu—v 
31. A train 100 m. long is travelling at 40 km. p.h. along a straight track. Another train 
of length 75 m. travels at 50 km. p.h. along a parallel track in opposite direction. Find the 
velocity of one train relative to the other. Also find the time taken for them to cross each 
other. [ dns. 90 km. p.h. ; 7 sec ] 
32, A manis walking at a velocity of 9 km./hr. parallel to railway track. A train of 
length 90 m. runs past the man from behind with a velocity 63 km./hr. Find (a) the velocity 
of the train relative to the man and (b) the time taken for the train to cross the man, 
[ Ans. (a) 54 km./hr. (b) 6 sec. ] 
33. Acar A travels at 40 km. p. h. towards east starting from a point. Anothercar B . 
travels at 80 km. p. h. towards north starting simultaneously from the same point. Find the 
time at which the distance between A and B will be 3 km. [ Ans. 120-75 sec ] 
34. A particle passes a point A with a velocity of 30 m./sec. inthe direction AB. After - 
8 sec. it passes the point B. Ifthe distance between AB is 200 m., (i) find its velocity and 
displacement at the end of 30 sec. (ii) when does the particlereaches 4 again and (iii) if the 
acceleration ceases after 60 sec. what will be its displacement at the end of 75 sec. ? 
3 [ Ans. (i) —7°5 m./sec., 337-5 m. (ii) 48 sec. (iii) —1125 m. j 
35. Two points A and B are 25 m. apart. A particle P starts from B with a velocity 
2 m./sec, in the direction AB and has an acceleration 4 m./sec? in the same direction AB, 
Simultaneously with P another particle Q starts from A with a velocity 11 m./sec in the direc- 
tion AB and hasian acceleration of 2 m./sec.* in the same direction 4B. Prove that Q will 
never be able to catch P and the minimum distance between them will be 5 m, | 
36. The points A, Band Clie on the same straight line the distance AB being 60m, A 
particle crosses the point A with a velocity 2m./sec. and moves with uniform acceleration 
along the sftaight line. After crossing the point B, it takes 10 sec. to reach C with velocity 
5 m.js. Find the acceleration of the particle. ` [ Ans, 0*1 m./sect ] 


Harder Problems 


1. A car possesses a velocity 5 m./sec. towards south and then the velocity of the car 
hanges to 8 m.[sec. towards east in 20 seg. Find the a; crage acceleration during this interval.: 

[ Ans, 0:47 m.[sec.* at 32° Ñ, of E, J 

2, Ina cricket match when the batsman Hits the ball its velocity changed from 60 m./sec, 

due north to 80 m.[sec. due west, If the time of striking the ball is 10 sec, calculate the 

acceleration produced. [ Ans. 104 m.[sec.? at 52:06? W. of S. ] 

3. A body travels 200 cm. in the first two seconds and 220 cm. inthe next four seconds. 

What will be the velocity at the end of seventh second from the start ? LU. 1. T. 64] 
a [ Ans. 10 cm./sec. 


D 
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4. A motor e moving with uniform retardation takes 10 sec. and 20 sec. to travel 
successive quarter piri How much further will it travel before coming to rest ? 
[ Ars. 10:42 m. ] 
5. Acar A travelling at 18 km./hr, along a straight road observes a car B, 100 m, ahead, 
travelling at 54 km./hr. A accelerates AY. Snore takes 2, dero has travelled 600 m. 
A's acceleration.and also its Speed at the ins it overta. 5 
cree j [ Ans. 62:5 cm./sec.* ; 108 km./Er. J 
6. A uniformly accelerated body travels during the first two intervals of 6 sec. distances 
of 30 m. and 80 m, Find the distance travelled by the body at 20th sec. [ Ans. 27:92 m. ] 
7. Robbers in a car are moving with a uniform speed of 72 km./hr. They pass a police- 
man ona motor cycle at rest, The policeman immediat ely starts chasing the robbers, He 
accelerates at 4 m./sec?, for 9 sec, and then travels at a constant speed. When and where will 
he overtake the robbers ? 


- When the distance 
between them is 2:5 km., the car B is given a deceleration of 20 km. /br*, After what distance 
and time vill B catch up with A ? [ Ans. 32:5 km., 0:5 hr. ] [Z L 7. 66 ] 

11. The maximum speed of a bus is 72 km, p.h. It accelerates uniformly at the rate of 
1 m,/sec*, and retards uniformly at the rate 4 m./sec*. Find the least time in which it can do a 
journey of 1 km, [ Ans. 62:5 sec, ] 
` 12. What velocity must be imparted on a. cricket ball moving at 15 m./sec. in order to 
make it travel at 20 m,/sec, towards the square leg ie, in a direction at right angles to its 
original course? If the change in velocity is effected in è sec. find the acceleration. 
[ Ans. 25 m./sec., 126°52’ with the original direction ; 125 m./sec.? ] 
:, 13. A swimmer whose velocity in still water is 4 km./hr. can swim only for 15 min. He 
wishes to cross a river 1 km. wide flowing at 3 km./hr. Find (a) the direction he must take 
X [ Ans. (a) Perpendicular to the bank (b) 1:25 km. ] 
14. To cross a river 500 m. wide a boat capable of travelling at 10 km, p. h. in still, water, 
is steered upstream at 45? to the bank, If the river flows at 1 km, p.h. find how much time 
[ Ans. 1:24 min. } 
i when steered normally to the bank 
and compare it with the one the boat is actually taking. à l 
15... A. man is walking on a horizontal road at 3 km./hr. The rain appears to him to come 
down perucelly at the rate of 3 km, /hr, Calculate the actual 
rainfall. 


16. Rain is falling vertically at 3 km./hr. At what angles to the vertical should a man 
walking at 1*5 km./hr. hold his umbrella so as to obtain the i 


17.- Atrain Starts from a station A and covers a distance of 4 km, 
B. If the maximum possible acceleration of the train is 1:5 m./sec.? and its maximum 
"oon is 6 m./sec.?, find the least time in which the train can un 


18. A body moving in a straight line with uniform acceleration 
equal distances in time intervals t, fa and 4, respectively. Show that 


[ Ans. yes ) 


3 NEWTON'S LAWS OF MOTION : 


CHAPTER FORCE 


31. Newton's Laws of Motion. 

In the. preceding chapter, the motions of bodies have been discussed without 
going into the laws governing the motion. In this chapter, these laws will be 
discussed. As we shall see, such discussion will lead us to the conception of the 
quantities, mass and force. 

Sir Isaac Newton first introduced these concepts systematically. In his 
celebrated work “Principia”, he enunciated three fundamental laws governing 
motion, which constitute the foundation of machanics. The laws are axiomatic ; 
no theoretical proof of them is available. But their real ‘proof? lies in the astoni- 
shing success with which they can be applied to explain various problem in 
physics and engineering. The laws state : 

1. First Law—Every material body persists in its state of rest or of uniform 
mation in a straight line if and only if itis not compelled by any external. force 
to change that state. 

2. Second Law—The rate of change of the momentum of body is propor- 
tional to the impressed force and takes place in the direction in which the 
force acts. 

3. Third Law—To every action there is an equal and opposite reaction. 

32. Discussion of the First Law. 

The first law of motion provides two very important concepts viz. (1) the 
inertia of a body and (2) the definition of force. 

Inertia of a body—The first part of the law indicates that left to itself, a body, 
if as rest, has a tendency to remain in that state of rest or if moving, it always 
continues to move in a straight line with uniform velocity. This tendency of all 
material bodies to maintain their state of rest or of motion is a fundamental : pro- 

of matter and is called inertia. For this reason, Newton's first law of motion 
perty 
is often called the law of inertia. i 

The inertia of a body is defined as that property of it, which tends to resist a 
change in its state of rest or of motion. More massive bodies have greater 
inertia. Hence mass is defined as a quantitative measure of inertia. 

Obviously the property of inertia may be of two kinds. viz., (1), Inertia of rest 


and (2) Inertia of motion. 


Jnertia of rest—This is defined as the property of material bodies to. persist 


in their state, of rest. This seems obvious to us. It is a common experience that 
) í 
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a body remains at rest ualess something is done to change that state. The body 
does not suddenly move out of its own accord. 
Demonstration Experiments : 
(1) A cup is filled up with water 
and then pulled sharply [ Fig. 3:1 F 
Some water will splash behind 
because its inertia of rest tries to 
keep it in the same place. 
(2) A ball Bis put on a piece 
of card board R just above a hollow 
Fig. 31 cup H fixed on a vertical stand V 
| [ Fig. 3:2 ]. A stiff metal spring S is 
fixed on the same base. This can be swung aside and held there by clamp C. 
When the spring is released, it sharply strikes the card board piece R and imparts 
a sudden velocity to it. The card flies 
away while the ball due to its inertia of rest 
does not move forward but drops inside the 
cup. However, if the card is given a slow 
push, the ball will also move forward and 
will fall outside the cup. 


(3) A large mass M is suspended by a 
piece of thread A. It can be pulled down- 
ward by another thread B [Fig 3-3]. If 
the pull P is applied slowly and steadily, the Fig. 32 
string A snaps; but if the pull P is applied * 


suddenly, the string B Snaps. In the first case, the slow and steady pull brings the 


mass M downwards, thereby Stretching the string 
A ; ultimately it snaps. But when the pull is sudden, 
the force P is momentarily very large. Due to its 
inertia, the mass M does not have time to move 


down so that the lower thread B gets snapped under 
the action of P. 


Practical Illustrations : When a vehicle starts 
suddenly and rapidly gains Speed, a passenger 
standing or sitting ‘unmindfully leans backwards. 
The lower part of his body being in contact with the 
vehicle, shares its motion but the upper part due to 
inertia of rest, tends to Stay at rest, 
leans backwards. 


To clean a garment from dust particles, it is 
suddenly set into motion. The loose dust particles 
tending to remain at rest, fall off. If the horse 


suddenly starts galloping, the rider leans backwards. 


A stone thrown at a window pane smashes it buta 
a. 


pane;makes a clean hole. All these illustrate the inertia of rest. 


The man thus 
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Inertia of Motion—The property of a body to continue in its uniform motion 
along a straight line is called its inertia of motion. This aspect of first law does 
not seem obvious. It is a common experience that a moving body left to itself 
gradually stops. But a simple point is to be noted here. The force of friction 
due to ground or air or due to other causes always acts on the body. The action 
of these external forces brings the motion to a stop. These external forces can 
be minimized but can not be altogether eliminated. Thus a marble rolling on 
ground comes quickly to rest ; but the same marble rolling on a marble floor or 
glass plate continues in its state of motion for much longer time. The nearest 
approach to resistance free motion is the motion of the stellar bodies in space 
where there is virtually no material medium. The law is thus obtained as an 
inference from experimental observations. 


Demonstration Experiments. (1) A cup filled up with water is steadily 


slided towards a barrier. When it hits the barrier, the cup stops but the water 
continues moving in forward direction and thus splashes out [Fig. 3:4]. 


Fig. 35 


(2) A spherical ball is placed on a toy car [Fig. 3:5]. If the car moves 
steadily the ball will share the motion. When the car stops after colliding with 
the buffer at the end of the track, the ball will continue its forward motion due 
to inertia and will jump over the barrier. 

Practical Examples: When a moving vehicle suddenly stops, a passenger 
standing or sitting unmindfully falls forward. His lower part being in contact 
with the vehicle stops with it but the upper part of the body continues moving 
forward so that the person leans forward. Similarly, a person jumping out of a 
moving vehicle is thrown forward. In the long jump event, an athlete always 
runs through a little distance. The inertia of motion helps him to cover a long 
distance in air. 

Ifa person on a moving vehicle throws a ball vertically upwards, it again 
comes back to his hand after a short interval of time, the motion of the vehicle 
remaining the same in that interval of time. Though the person has meanwhile 
advanced through a certain distance, the ball also retains the same forward speed 
due to inertia and thus ultimately comes down to his hand. However, this does 
not happen when the motion of the vehicle changes during the interval. The ball 
drops behind him if the vehicle accelerates and: it drops in front of him if the 
vehicle retards. 

Inertia and mass—We know that mass of a body is the measure ofthe 
quantity of matter in it. Actually, the meaning of the word inertia carries with it 
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the essence of the concept of mass. It is a common experience that greater efforts 
are necessary to change the state of rest or of motion of a body having a larger 
mass. Larger masses thus have greater inertia. It is easy to kick a football and 
set it moving, but to put into motion a lead ball of similar size is very difficult. 
Similarly a moving football can be easily stopped, but attempts to stop a lead ball 
of same size and moving with same speed would send one spinning. 

Mass is thus a measure of inertia. Both arc measured in the same units. 

Demonstration Experiment : 
uniform bar. The bar is attached to 
bar with the balls can rotate freely ab 


Two balls are. mounted. at the ends of a thin 
a vertical stand mounted on a toy car. The 
out a vertical axis [Fig. 3:6]. 


(a) 


Fig. 3:6 


At first two identical lead balls are chosen. The car is pushed in a particular 
direction. The bar is placed perpendicular to. this intended direction of motion. 
Non th Y moves, starting from rest, the bar will be found to remain 
in its original direction, If the car suddenly stops, then also the bar remains 
undisturbed [Fig. 3:6 (a) ] 


Now, we replace one of the lead balls by a wooden ball of the Same size, As 
the cai is suddenly moved from i 


rest, the bar is found to be rotating. The lead 
ball moves backward while the wooden one goes forward [Fig. 3:6 (b). Similarly 
ifthe moving car is suddenly Stopped, the lead ball is found to be moving 
forward, the wooden one going backward. 


Tn the latter case, the 
than the wooden one. 
rest or in motion than 
the lead ball moves fu 


Force—The second part of the first law provides the conception offorce. If 
we see that an object originally at rest ins to move or if during its motion it 


as the car suddenly moves or stops, 
n one. 
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speeds up, slows down or changes the direction of motion, we conclude that some 
external cause, termed force, is acting upon the body. Change of state of rest or 
of motion of a body thus results only under the action of art external force. 

It is to be noted, however, that if there be two or more external forces acting 
on a body so that the resultant force,is zero, there is evidently no effect on the 
body. As a matter of fact no object can be found upon which there are no exter- 
nalforces. Two men can push a table in opposite directions but with forces of 
same magnitude. Since the net unbalanced force is zero, the table remains at 
rest. The word “force” in the law means an unbalanced force. Thus we define: 

Force is that which changes or tends to change the state of vest or of uniform 
motion of a body along a straight line. 

Since a change in speed or direction of motion means a change in velocity of a 
body, this may be taken as the criterion for the presence of an unbalanced 
force acting on it. 


3.3. Discussion of the second law. 


The first law of motion provides the concept of force ; the second law, as we 
shall see now, gives à quantitative definition of force. Before proceeding further. 
the concept of momentum must be explained. D 

Momentum : The momentum of a body is defined as the product of its mass 
m and its velocity v. Employing the symbol p for momentum, 

: p=myv m Td (3:1) 

Since it is the product of a scalar quantity (mass) and a vector quantity 
(velocity), momentum is also a vector quantity. Its direction is represented by an 
arrow drawn in the same direction as that ofthe velocity. The unit of momentum 
in C.G.S. system is gm. cm./sec., in M.K.S. system kg. m/sec. and in F.P.S 
system Ib. ft./sec. ^ 

Newton used the word ‘motion’ as the concept of momentum. According to: 
him a fast moving body has more motion than when itis moving slowly. Also a 
heavily loaded truck, moving with the same velocity as a car, has more motion in 
it than the car, because the mass of the truck is much greater. Greater: effert i.e 
greater force will be required to stop the truck within a certain interval of fine than 
the force required to stop the car within the same interval. Thus, to get a measure, 
of the quantity of motion in the body, we must take into consideration’ both its 
mass and its velocity i.e., its momentum. This explains the terrific impact ofa 
rifle bullet ; though its mass is very small, but its velocity is very high and the 
small mass multiplied by the high velocity gives it a large momentum. 


Measurement of Force. 


Let us consider a body of mass m moving initially lwith a. velocity u. Ifa 
constant force P acts on it for a time f,its velocity: will change. After the time 
t has elapsed, let its final velocity be v. Then the initial momentum of the body= 
mu and the final momentum s= my. So the change of momentum in time t 


my — mu. Therefore, the rate of change of momentum MP- mf 


[e v=u+ ft] where f is the acceleration produced by the action of the force, 
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From second law, the force P is Proportional to the rate of change of 

momentum. Hence, 
P c mf 
or, P=kmf where k is the constant of proportionality, 

If we now choose unit force to be one that acting continuously upon unit 
mass produces unit acceleration, then P=1, when m=1 and Jf. In that case 
k=1. We thus arrive at the relation. 

P=mf T 
i ie., Sorce=mass x acceleration. 

Since acceleration is a vector quantity, mass being a scalar, force is also a 
vector quantity. Obviously ihe directions of force vector and acceleration vector 
are the same. 


Alternative Method—The above relation can be obtained simply by using 


the method of calculus. If p be the momentum of a body of mass m moving with 
a velocity v, then 


te (95) 


p=mv 
^ dp d 
The rate of change of momentum Pre gm 


From second law, force P acting on the body is proportional to the rate of 
change of momentum. Hence, 


dp =k. Pap, d 
Pas or, P ka k. (my) 


—km. Since mass of the body remains constant. 


=kmf where f= 2- acceleration 


As before, the constant of proportionality % may be made equal to unity by 
the choice of suitable units. Hence 


d 
‘Unit of Force, 


There are two systems of unit of force viz., (a) absolute 
In the absolute system, the unit force ig defined as 
unit mass produces unit acceleration of it. In the 


with which the earth attracts a unit mass jg 
[vide Art. 8:4]. 


(b) gravitational. 
that force which acting on a 
gravitational system, the force 
defined to be the unit force. 
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(a) Absolute units of Force. 

In the C. G. S. system, the absolute unit of force is called a dyne. A dyne is 
defined to be that force which acting ona mass of one gram produces in. it an 
acceleration of one centimetre per second per second. 

The absolute unit of force in the F. P. S. system is called. a pounda] which is 
the force that acting on a mass of one pound produces in it an acceleration of one 
foot per second per second. 

In the M. K. S. system, the absolute unit of force is called a newtom. Jf a 
force produces an acceleration of one metre per second per second acting. on a 
mass of one Kilogram, it is called newton. 


Relation among a newton, a dyne and a poundal. 


By definition, 1 newton=1 kg, x 1 metre/sec.* 
=1000 gm. x 100 cm./sec.? 


Similarly, | poundal =1 Ib. x 1 ft./sec.* 
=453°6 gm. x 30°48 cm.fsec.* 
—13825:728 dyne —1:3826 x 10* dyne 
—0:13826 newton. 


(b) Gravitational unite of force. 

In the C. G. S. system, the gravitational unit of force is one gram-weight 
(gm. wt). It is defined as the weight of one gram i.e., the force with which 
the earth attracts a mass of 1 gm. 

Under the action of the force of earth's attraction, a body falls. downward with 
an acceleration ‘g’. Hence from eqn. (3:2), 

l gm. wt.z-l gm. x g cm./sec*—g dyne. 

In the C. G. S. system, the value of g is taken to be 981.cm./sec.* for most 
practical purposes. Hence, 

I gm. wt. —981 dyne. 

In the F. P. S. system, the gravitational unit of force is one pound weight 
(Ib. wt.) which is the weight of one pound. It is thus the force with which the 
earth attracts a mass of one pound. As before, 

1 Ib. wt.=1 Ib. x g ft./sec.* 
=g poundal 
—32:2 poundal 
the value of g being taken to be 32:2 ft./sec.* in the F.P.S. system. 

The, gravitational unit of force in M.K.S. system is one Kilogram weight 
(kg. wt.) which is the weight of one kilogram. It is thus defined as the force with 
which the earth attracts a mass of one kilogram. So, 

1 kg. wt.—1 kg. x g metre/sec*—g newton. 

Since in this system, the value of g is 9:81 metre/sec.?, 

l kg. wt.=9°81 newton. 


Example 3:1. 4 certain force acts on a body of mass 100 gm. and gives it 
a velocity of 50.cm.|sec. in 25. sec. Find the magnitude of the force. 
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Solution : Here, m—100 gm , u=0, y—50 cm./sec. and 12:25 sec. 
Acceleration ft =2 cm./sec.? 
Force P—mf—100 x 2—200 dyne. 
Example 3:2. 4 force acts on a 10 kg. mass and increases its velocity from 
5. m.[sec. to 10 m.[sec. in 5 sec. Find the force (a) in dyne, and (b) in newion. 


Solution : Here, m=10 kg.—10* gm. ; uz500 cm/sec, 
v=1000 cm./sec. ; 1—5 sec. 
-. From equation (3:2), P=mf 
DA: x =104 att) 


=104 x 10?=10* dyne =10 newton. 
Example 3:3. A body of 196 gm. is subjected to a force of 20 gm. wt. Find the 
(a) acceleration and (b) the time taken to move 1 m. from rest. If the force ceases 
to act, (c) how far will the body move in the next 5.sec. ? Given &— 980 cm.|sec.” 


Solution: (a) P=20 gm. wt.—20x 980-19600 dyne ; m—196 gm. 
P 
i = —=100 cm./sec.3 
pos ft » 100 cm./s 


(b) - s=1.m.=100 cm. ; u=0 ;.f—100 cm./sec.? Hence from the equation 
s=ut +4 ft?, we get, t= 1-414 sec. 

(c) To find the velocity acquired by the body at t=1°414 sec. starting from 
rest, we apply the equation y—u-ft. 

<^  v=0+100x 1-414=:141-4 em.[sec. 

When the force ceases to act, the body will describe uniform motion ; hence 
f=0, and in this case the displacement, s=vt=141-4x%5=707 cm.=7:07 m. 

Example 3:4. 4 body of mass 1 kg. is moving with a velocity of 100 cm.[sec. 
It is brought to rest in 10 sec. by applying a force against its motion. What 


distance it moved through before coming to rest ? What is the magnitude of the 
retarding force ? 


Solution; Here, m— 1 kg.—1000 gm., ; u=100 cm./sec. y—0 ; r=10 sec. 


Acceleration fecu. 10 7 —10 cm./sec. (— ve sign denotes retar- 


dation) 
Retarding force P=m. f—1000 x 10—10« dyne. (neglecting the — ye sign) 
Again, if s be the distance through which the body moved before coming to 
rest, we have 
V=u8+2fs or, 0=100*+-2(—10)s 
27 100x100 | 
60$ 2x10 7:500 cm. 


Example 3:5. 4 motor car of mass 1 metric ton is running with a speed of 
36 km.[hr. Itis brought to rest within a distance of 20 metre. Find the average 
force of resistance in newton and the time required to stop the car. 
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Solution: Here, m--1 metric ton—1000 kg. 


36 x 1900 
=36 {firs 
u=36 km./ 60x60 


v=0 and s=20 m. 
v=u*+2fs 
0—10?--2f£x 20 
b OO : 2 i 
f—————-— —2:5 m./sec.? (retardation) 


=10 m/sec. 


Average force of resistance P—mf—1000x2:5—2500 newton. Now if £ 
be the time required to stop the car, then 
since y=u+ft 
O=10+(—2'5)t or, get sec. 


Example 3:6. 4 bullet of mass 10 gm. is moving with a velocity of 
100 m.|sec. After passing through a mud wall 50 cm. thick, its velocity reduces 
to 20 m.|sec. Calculate the average resistance of the wall in dyne and in newton. 


Solution :. Here m-—10 gm. ; n-100 m/sec.=10* cm/sec. 
v=20,m./sec=2 x 108 cm.[sec. ; $550 cm. 
2o Pauw +2fs 
(2x 105)2—(109--2/x 50 
2 3 ) i 
f= ee —9:6 x 105 cm./sec.? (retardation) . 
Average resistance. P=mf=10 x 9:6.x 105—9:6 x 10* dyne==96 newton. 


Example 3-7. 4 hammer weighing 5 kg. descending from a height of 0'5 m. 
struck a nail and stopped in yth sec. Find the force, both in dyne and in gm. 
wt. exerted on the nail. 

Solution : Let the velocity ofthe hammer just before striking the nail be y. 


Since it falls from rest through a height of 0:5 m. i.e, 50 cm, we have 
i [vide Art. (8:8)] 


y=V 2gh— V2 x 981 x 50—313:2 cm./sec. 
Hence the momentum of the hammer — mv 5 x 10? x 313-2 
=15:66 x 105 gm. cm/sec. 


Since it comes to rest in 4'sth sec., 
15:66 x 105 


Rate of change of momentum Up PM cm./sec.? 
Thus from Newton’s second law, the force exerted on the hammer 


= 15/66 x 108 dyne= X gm. wt, 1:596 x 104 gm. wt: 


This force acting upwards brings the hammer to rest. From Newton’s third 
law, an equal downward force is exerted on the nail Hence the down- 
ward force on the nail due to impact is 15:66 x 109 dyne or 1:596 x 10* gm. wt. 

The weight of the hammer also acts downwards on the nail. Thus tbe total 
downward force on the nail 
— (1:596 x 10445000) gm. wt. —2:096 x 10* gm. wt. 
—2:096 x 104 x 981 dyne—2*056 x 107 dyne. 
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$4. Newton's first law as a special case of the second. 
A closer scrutiny of Newton’s laws enables us to deduce the first law from the 
second. From the relation P=mf (deduced from the second law) it is evident 


that if P—0 we have f=0, i.e. #0, Or, in other words, in absence of a force 


P, do ie. the velocity v isa constant. If this constant iszero, without any 


force a body's state of rest remains unchanged ; ifthe constant has any other 
value, without any force a body's state of uniform motion in a straight line does not 
change. Obviously, this is nothing but the first law of motion. 

The concept that mass is a measure of inertia, is also obtained from the second 
law of motion. Inertia ofa body is really the property ofthe body by which the 
body resists any change in its state of rest or of uniform motion in a straight- line. 
The greater the inertia of a body, the greater is the force necessary to produce. the 
same change in the condition ofthe body. Now, from the relation P-mf it is 
evident that when f is constant P is proportional to m, i.e., the force P necessary 
to produce the same acceleration J, depends upon the mass of the body. The 
greater is the mass of the body the greater is the force required to produce the 
same acceleration, i.e., to produce the same change in the condition of the body. 
Thus mass of a body is really a measure of the intertia of the body. 


3:5. Impulse. 
^. The impulse of a constant force acting on a body is defined as the product of 


the magnitude of the force and the time during which it acts on the body. 


. Thus ifa constant force P acts on a body of mass m fora time ¢ then the 
impulse J of the force is given by 


J—Pt zt i (3:4) 
. If the action of the force Produces an acceleration f ofthe body so that its 
velocity changes from u to y during the said interval, then from eqn. (3:2), 


J=Pt=mft 
Sms [^ v=u+ft] 
=m(v—u) 
=my—mu as te (3:5) 
—Pa—pi 


where p,—ru and Ps—my give the initial and final momentum ofthe body. 

Hence, the change in momentum of a body equals the impulse of the force 
acting on it, The relation is known as impulse-momentum relation. 

Effect of a given impulse is thus to produce a change in momentum which is 
independent ofthe mass of the body. For example, a force of one dyne acting 
for one second on a toy car or a marble will produce, in each case, a momentum 
change of one gm. cm.[sec. Of course, the change in velocity of the body depends 
on its mass. 


Using calculus method, the above relation can be obtained directly. 
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Thus from eqn. (3-3), =% 
or, Pdt=dp te S (3:6) 


The left hand side of the above equation gives the Mite for the interval dt 
while the right hand side represents the change in momentum in that interval. 


Since force is a vector quantity, impulse is also a vector having the same direc- 
tion as that of the force. It is measured in units of forcextime, which are the 
same as the units in which momentum is measured. Thus units of impulse in 
different systems are gm. cm.|sec., lb.ft./sec. and kg. m./sec. 


Impulse of varying force. 

If the force acting on a body for a time ? be variable, then in order to find the 
impulse of the force, we divide the time ? into a large number of very short inter- 
vals of time Atı, Afs...At,. The force during each such interval may be taken 
as constant so that the impulse during each of these intervals can be calculated. 
Adding we get the total impulse for the finite interval t. Thus if Py, Pa, P, 
represent the values of the forces for the said intervals and v,, y;...are the velocities 
at the end of corresponding intervals, then from eqn. (3°5),for the first interval A. 

P, At my,—mu, u being the initial velocity. 


Similarly, for the other time intervals, 
PaAt;—mv4—mv, 


Pp At, —my—mya-4 v being the final velocity. 
So that on adding, the total impulse is given by, 
J=PyAt+PoAte ts PrAtn 
=2P At=mv—mu 
In the calculus notation, the above summing up process is nothing but 
integration, Thus 


t t Y 
J= fpa f Par [from eqn. (3:3)] $ 
o o 
Po 
= f dp=pe—py=mv—mu aR (3:7) 
n 
Graphical Representation of Impulse. 
Ifthe force acting on a body is constant, ọ 


the plot of force against time will obviously t Time 
be a straight line parallel to the time axis Fig. 3:7: Impulse ofa constant 
(shown in the Fig. 37 by a heavy line). The force 
area of the rectangle formed by the line and the ordinates at t—0 and t=t 
evidently gives the impulse of the force during that interval. 

P-1/5 
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If however the force varies, the curve may be of any shape depending upon 
the nature of the variation [Fig. 3:8]. The above consideration still holds. We 
can divide the whole interval ¢ into a large 
number of small intervals A during each of 
which the force remains practically constant. 
The product P At is then given by the area 
of the shaded strip. On evaluating the product 
PAfie,the impulse over each such interval 
and then summing up, we get the total impulse 
of the force. Obviously this is represented 
0 At t Time by the area under the force curve between 
the time £—0 and t=r. Hence we can write, 

Impulse of a force—J—Area under the P—t 
curve. 


Force. 


Fig. 3:8: Impulse of a varying 
force 


3:6. Impulsive force. 


Frequently we encounter a particular type offorces which are of very large 
magnitude but of very short duration. Such forces are called impulsive forces. 
These forces are of the nature of blows, collisions, explosions etc. Examples are : 
the collision of the striker with the pieces in the carom board, hitting a cricket bal] 
with the bat, a ball bouncing on the floor, hitting a nail with the hammer, striking 
the strings in some musical instruménts etc., etc. 


An Impulsive force isa force of very large magnitude but of extremely 
short duration, which acting on a body produces a finite change of its momentum, 
displacement of the body during the action of the force being negligible. The 
whole effect of such a force is measured by its impulse. 


Example 3:8. 4 golf ball of mass 60 gm. is hit by club. The ball acquires 
a speed of 50 m.[sec. Find the impulse of the force exerted on the ball. If the 
force be constant and the impact lasts for 3x 10-* sec., calculate the magnitude 
of the force in newton. 

Solution: Here m=60 gm. ; u=0; 

y—50 m./sec.—5 x 108 cm,/sec. 
From eqn. (3:5), the impulse of the force 
=m (v—u)=60 x 5 x 1053 x 105 gm. cm./sec. 
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Since J— Pt, where P isthe average forcé exerted by the club on the ball 
during the impact which lasts for f sec. 

Cad S oe108 cs A 
DM 103 10° dyne—10? newton. 

Example 3:9. 4 ball of mass 20 gm. moving with a velocity 30 cm.[sec. is 
hit by a bat which causes it to move in reverse direction with velocity 60 cm.[sec. 
What is the impulse of the force ? If the blow lasts for 0:01 sec., Jind the average 
force in newton exerted on the ball. 


Solution ; Since the direction of motion is reversed after impact the change 
in velocity, y —4—60 cm./sec. —(—30 cm./sec.) -90 cm./sec., the direction of 
initial velocity being taken as negative. 

Hence from the eqn. (3:5), impulse of the force 

J=m(v—u) 
—20 x90 
=1:8 x 10* gm. cm./sec. 

But J— Pt, P being the average force acting on the ball for a duration of ¢ sec. 

Hence, 


LX 18x 108 gm. cm./sec.? 
=1:8 x 105 dyne- 1-8 newton. 


3'7. Discussion of the third law. 


The terms ‘action’ and ‘reaction’ in the statement of the third law simply stand 
for forces. Keeping this in view, the law can be restated as : Whenever one body 
exerts a force on another, which is called action, the second body always exerts 
on the first a force, called reaction, which is equal in magnitude but opposite in 
direction to the action. Thus if Fi» be the force exerted by a body A on another 
body B, the body B exerts a force Fpa on A such that ; 

F,,=—F,, A. TA (3:8) 

The principle holds}rigorously, no matter what the state of motion of the 
bodies may be. Whether the bodies exert forces on each other by physical 
contact or act on each other from a distance, the law always holds true. 


The law thus asserts that im mature forces always occur in pairs. The 
relationship between them is perfectly reciprocal and either of them may be termed 
the action force and the other the reaction. It should be understood that one of 
these forces does not begin to play before the other, in the nature of cause and 
effect. Rather, the two forces arise at the same time. Consequently, when one 
vanishes, the other also vanishes at the same instant, 


A question might be asked that, “if whenever a force acts on a body, there is 
always an equal and opposite reaction; then why should a body move at all?" 
The answer to this apparent puzzle lies in the fact that the two forces always act 
on different bodies, not on the same body, Dueto this reason, it will not be 
correct to compute the resultant of a pair ofa ction-reaction forces and put it as 
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zero. Two equal and opposite forces neutralise each other only when they act on 
the same body. Some simple examples will clarify the above discussion : 

(1) Consider a block resting on a plane. Due 
N to its weight W, it will exert a force on the plane 


Force of plane — in the downward direction (Fig. 3:9). From third 
on bl 


law, the plane will exert an equal and Opposite 
force N on the block. W is thus the force of 
action on the plane and N the force of reaction on 
the block. Hence W— —N. 


ae of es (2) Ifthe plane is removed, the block falls 
FARM downwards under the action of its own weight W, 

w which is the force with which the earth attracts the 
Fig. 3-9 block. From third law, the block will attract the 


earth with an equal and opposite force W’. Here W is the action force and W’ 
the reaction force (Fig. 3:10). Hence W'— —W. 


One might then be prompted to ask “why does | 


the block move towards the earth and not the CN Direction 

latter towards the former?" Since the mass of force of Eart Ww 

the earth is very large compared to that of the block 

block, the force acting on earth produces an w 

imperceptibly small acceleration of it [ f—P/m ]. Forze of block 
y : 1 on Earth 

Any resuling movement of the earth is thus ZZ 2 

negligible. This would not remain true if the EARTH 

mass of the block becomes comparable to that Fig. 3-10 


of the earth. 


(3) As a magnet attracts a piece of iron, the iron also attracts the magnet with 
an equal and opposite force. It is a common experience that if a magnet is 
SA placed near an iron piece, the latter 
APRAN moves towards the magnet. How- 
j ever, if we keep the piece of iron 


BEY. — 
YY y — fixed, the magnet being free will 
p 7 move towards the iron. 
©) © (4) When a shell is fired from a 
cannon, the force F applied on the 


Fig. 511 shell hurls it with a tremendous 

velocity in the forward direction. 

The shell in turn applies an equal and Opposite reaction force F on the cannon 

(Fig. 5:11), under whose action the cannon moves backwards. This is known as 
recoil phenomenon. 


— 


qual and opposite force P 
er goes forward ? 

d, the puller strikes the ground obliquely with 
rts a force on the ground. Hence the ground 


Li 


(Fig. 3:12). How is it that the rickshaw with the pull 
To draw the richshaw forwar 
, his feet and in doing so he exe 


NEWTON’S LAWS OF MOTION : FORCE 57 


applies an equal and opposite reaction force N on the man. This can be resolved 
in two components, H in the horizontal direction and V in the vertical direction. 
The vertical component V is neutra- 
lised by the weight of the man, 
acting downwards. When the hori- 
zontal component H becomes greater 
than the force P applied by the 
rickshaw in the backward direction, 
the man moves forward, under the 
action of the force H—P. 

Let us now consider the rickshaw 
separately. Iff be the total resisting 
force on it due to friction of the Fig, 3- 

32 2 A ig. 3:12 
ground, then it will move provided 
P>f; its motion thus occurs under the action of the force P—f. 

If they move with no acceleration i.e., with uniform velocity, then from first 

law, net forces acting on them must be zero. Hence, 
H—P=0 and P—f—0 ; i.e., P=H=f. 
The above considerations also apply in the case of an animal driven carriage. 


Harizontat 
component 


Pull of<— engine ontrain 
() (b) Pullof—-trainonengine  —— (4) 


s Fig. 3:13 
Pairs of action-reaction forces in some other cases are illustrated in Fig. 3:13. 


Demonstration Experiment . 
(1) The hook of a spring balance is connected to that of another. Holding 
them firmly, they are then drawn in opposite directions [ Fig. 3:14 (a)]. The 


Fig. 314 


readings of the two spring balances will be found to be always the same. If one 
of them is fastened to a firm support e.g., a wall, and the other pulled with a 
certain force [Fig. 3:14 (b)], it will be found again that both the spring balances 
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are exhibiting the same reading. This simple experiment conclusively proves that 
action and reaction are equal and Opposite. 

(2) A beautiful experiment for 
demonstrating the third law of 


Fig. 3-15 forward, the track begins to move 
backward. The wheels of the train push back on the track With a force F and the 
track in turn, pushes the wheels forward z 
with an equal and opposite force F. These E E 

H . B 5 NY 
two form an action and reaction pair. Sle 
reacts 


(3) Rotary lawn sprinkler provides 
a simple example of practical application 
of the third law (Fig. 3:16). Water escaping 
from the nozzles reacts in a backward Headrotates 
direction against them, thus producing 
rotation. Steam can also be used instead S 
of water to demonstrate this. T 


3:8. Different cases of Action and Reaction, 


Different types of action and reaction pair acting between any two bodies may 
be classified as follows : A 


through the rope. A pull is thus exerted along the length of a substance. The 


Fig. 3:13 (c) provides another example. Obviously, the effect of the pair of 
action and reaction exerted through a material medium is to bring the two 


criterion for identification of this type of action-reaction pair. Pull may be exerted 
through flexible substances like rope, string as well as through rigid bodies, 

(2) Push—In Fig. 3-13(6), a man is seen to Press a wall with his hands, In 
doing so he applies a force 9n the wall which in turn applies a reaction on the 


(3) Attraction and repulsion—When the pair of action and reaction 
between two bodies separated by a distance attempts to bring them together, 
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attraction between them is said to exist. When it tends to keep them apart, 
repulsion between them occurs. Gravitational, electrical, magnetic forces are of 
these nature. These types of forces exist irrespective of the presence of any material 
medium between the two bodies, though the magnitude of the forces may depend 
upon the nature of the intervening medium. 

(4) Friction—As a body tends to slide over another, the second body exerts 
a reaction on the first which is called the force of friction. It always acts opposite 
to the direction of motion tending to prevent the motion. 


3.9. Reaction in a moving lift. 

Perhaps all of us are familiar with the peculiar feelings experienced while 
travelling in a modern swift lift. When the lift starts from rest in the upward 
direction with an acceleration, we feel a gain in weight till the lift attains a steady 
velocity. When the lift decelerates to rest, we experience the sensation of lightness. 
When the lift is descending just the reverse feelings are experienced during start- 
ing and stopping of the lift. . 

We shall now give an explanation of the above phenomena in a quantitative 
manner. 

: Let us imagine a man of mass m inside the lift. The following different cases 
may arise : 

(i) When the lift is rising vertically upwards with an acceleration f. 

The downward force of gravity on the man is mg. Due to contact with the 
lift, the floor of the lift is applying an upward reaction force Ron the man, The 
sensation of weight is felt by the man due to this vertical reaction acting on him 
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(6) (c) 


(a) : 
Fig: 8:17: Force on a man inside a lift 


applied by the surface on which he is standing. As the man rises along with the 
lift with the same acceleration f, the upward reaction force R must be greater than 
his weight mg. The net upward force on the man is thus R—mg, which produces 
the acceleration f [ Fig. 3:17 (a) ]. Hence from second law, 
R—mg-mf 
or, Rem(gcf) iE e (3:9) 
The man has, therefore, a feeling of increase in weight. 
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(ii) When the lift is going vertically downwards with an acceleration f 


( f<g ). 


In this case, as the man descends along with the lift with the same acceleration 


f; the downward force on him must be greater than the upward one. Hence R 


mg—R=mf or, R=m ( g—f) 3 sso (3°10) 

The man thus feels lighter. 

(iti) When the lift is falling freely ( f—g ). = 

If the lift is’ allowed to fall freely (as may be the case, when the lift rope 
snaps), the lift will descend with an acceleration S. In this case, 

Sg, c R=0 

So the reaction on the man vainishes. Hence he feels completely weightless, 

(v) When the lift is at rest or moving uniformly. 

If the lift be at rest or moves upwards or downwards with a uniform velocity, 
then f=0. Hence R=mg i.e., the reaction is equal to the weight of the man 
[Fig. 3:17 (c). So the man feels the same as when at rest on earth. 


downwards, within the lift the man rises upwards and will ultimately reach the 
ceiling ofthe lift. The ceiling would then exert a downward reaction R on the 
man, such that 

R+mg=mf’ o R—n( f’—g ) 

From this Stage, the man will travel with the lift remainj 
ceiling. From Newton’s law, he will apply an equal and o 
ceiling. Hence the man would press on the ceiling with the 
a vertically upward direction, This is just opposite to the normal case when his 
weight acts on the floor of the lift in a Vertical] 
phenomenon is known as “super weightlessness.” 


Example 3-10, A lift of a multi-storied building 
machine on the floor of it. A man stands on the machine ; 
the lift is at rest. What change in the reading of the ma 
while the lift ascends (i) with a uniform velocity, (ii) 
6 ft./sec., and (b) while it descends with (i) uniform veloci 


provides q weighing 
it reads 160 Ib. when 


Solution : (a) (i) No change. 


(ii) f—6 ft./sec.2, £32 ft./sec.2, m= 160 Ib. 
Hence applying equation (3:9) we get, 
R=m x ( &+f) =160 x (32--6)—160 x38 poundal. 
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Hence the reading of the weighing machine — 160 x 38_ =190 Ib. 


82 
-. The reading of the machine increases by (190—160)==30 Ib. 
(b) (i) No change. 
(ii) Applying equation (3:10) we get, 
R-—mx(g—f) 


—160 x (32—6)—160 x 26 poundal 
The reading of the machine = e —130 Ib. 
-. The reading of the machine decréases by ( 160—130) —30 1b., 
(iii) In the case f=32 ft./sec?. 
R-nm(g—f) 
=160 ( 32—32 )=0 
Machine thus reads zero i.e., the man is in the weightlessness condition. 


Example 3-11. 4 lift in the coal pit begins to descend with an acceleration 
of 100 cm./sec.* until it attains a speed of 1 m.[sec. Later it retards at the nate 
of 200 cm.[sec?- Find in each case the force exerted on the floor of the lift by 
the occupants whose total weight is 1000 kg. 

Solution : /—100 cm./sec*., g—980 cm./sec.*, m—109 kg.—10* gm. ; Hence 
applying equation (3:10) we obtain that the force exerted on the floor of the lift is 

R=m x ( g—f )-10* x (980—100) 
=88 x 10’ dyne—8:98 x 105 gm. wt.=898 kg. wt. 

When the lift moves with the speed of 1 m./sec. uniformly, it has no accelera- 
tion. Evidently, in this case, the force exerted=1000 kg. wt. 

For its downward retarded motion, fz- —200 cm./sec.; hence equation 
(3:10) gives, 

R=m (g-f) 
—10* x [980—(—200)]=118 x 10? dyne 
—1:204x 1085 gm. wt.—1204 kg. wt. 


3:10, The principle of conservation of linear momentum. 


This very important principle follows immediately from Newton's laws of 
motion. We shali consider, for simplicity, a system* of two bodies of mass m 
and m, moving under their mutual action and reaction only. We shall assume 
that no other external forces are acting on the system. From third law, the force 
F, on m, due to m, is equal in magnitude but oppositely directed to the force F, 


on m, due to m; 
or, F;—-—F, eR Mie (311) 


Also, these forces of action and reaction obviously act for the same time. The 
impulses of these two forces are, therefore, equal and opposite. Thus, 


* By system of bodies we mean any well-defined collection of matter. The system may 
consist of any combination of particles, rigid bodies, gases, liquids etc., but the term weli- 
de‘lned implies that we have to point out exactly which material is a part of the system : all 
other matter in the universe is considered to be external to the system. The forces which the 
bodies of the system exert on one another are called internal forces, External forces are forces 
exerted on the bodies of the system by bodies external to the system. When we assume that 
no external forces act on a system, it is said to be isolated. 
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impulse of F, on m= —impulse of Fy on m, Aid (5:12) 
If the velocity of m; before interaction be u, and velocity after interaction be 
Yy then its change of momentum due to interaction is (mv —myu ). Similarly, 


the change of momentum of m, is ( TigYg — sug ) where us and y, are its velocities 
before and after interaction. 


Now, since the change in momentum of a body equals the impulse of the 
force acting on it, we have from (3:12), à 


MV1 — Mu — — (msvs —msus) 

Or, mu --myus—m,v,-Emsys on ae (3:13) 
The left hand side of equation (3:13) is the total linear momentum of the 
system before interaction, the right side is the total linear momentum after the 
interaction. Total linear momentum of the system therefore remains constant. 
Anything which remains constant in a process is said to be conserved. We thus 
arrive atthe principle of conservation of linear momentum for two bodies. It 
can be shown that this is true whatever be the number of bodies in the system. 
The principle then says : If there is no external force acting upon a system of 

bodies, the total linear momentum of the system remains constant. 
The principle can be obtained much more simply from equation (3:1 1) using 


the calculus method. Thus if Pı and p, be the momenta of m, and mg respectively, 
then from second law, 


EA b dps 
o d and mc 
E tion (311), Z1... dps. d A 
rom equation (3:11) di dr O5 -gr Prt P2 )=0 
Or, Pı+p=constant (3:14) 


which shows that the total linear m 
throughout. 


It should be noticed that the principle holds regardless of the character of the 
interactions, no assumption has been made regarding the nature of the forces F, 
and Fg. Also, since momentum is a vector quantity, the principle requires that 
the total momentum of the system should remain constant in both magnitude and 
direction. The principle also implies that the total momentum of a system can 
only be changed by external forces acting on the system. This principle together 
with the principle of conservation of energy. [vide Art. 79] provides a very 


powerful tool to the physicists in solving complex problems on interaction between 
different bodies. 


As a man jumps from a boat, the boat moves in the backward direction. 
Initially both of them were at rest, so that initial momentum of the System is zero. 
Thus while jumping, the forward momentum of the man must be equal to the 


backward momentum of the boat, so that their sum is zero. This is found to be 
true ; momentum is conserved. 


omentum of the system remains constant 
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During its forward motion if the shell explodes in mid-air, the fragments will 
fly off in all directions. Ifthe momenta of the fragments at any instant is summed 
vectorially, it will be found that the total momentum vector remains always the 
same in both magnitude and direction to the initial momentum vector of the shell. 

The motion of rockets and jet planes provides examples of this principle. We 
shall discuss such motion in detail in a later article. 

Demonstration Experiments. 


(1) Two small cars A and B of equal mass m;=m,=m, are placed on a 
horizontal track. A compressed spring, not fixed to any of the car, is placed 
between them which are held together by 
a string. [Fig. 3:18 (a) ]J. Ifthe string is 
now burnt, the cars fly apart in opposite 
directions under the influence of the spring 
which drops down. If the velocities of 
the two cars are measured; they will be v p 77 WA 
found to be equal [Fig. 3:18 (b). The p, Goes 
measurement is done by noting, with a 
stop watch, the time necessary for a car to ~ 
cover the distance between two previously 
marked places on its path. Dividing the 
distance by the time spent we get the 
magnitude of the velocity. 

The observation illustrates conservation n 

X : Fig. 318 
of momentum. Initially the two cars : 
,, are at rest and the total momentum is thus zero. With motions to the right taken 
as positive, velocity of B is positive while that of A is negative. Hence the total 
momentum of the system when the cars are in motion is ( my—mv )=0, the same 
as the initial value. 

If the masses of the cars be different, say my and mg respectively, which can 
be done simply by placing a weight on one of the cars [ Fig. 3°18 (c) ], the cars 
fly apart with unequal velocities. The velocity of the lighter car will be found 
to be greater than that of the heavier. On measuring the velocities y, and v, of 
the cars, it will be found that the product muy; equals the product mvp. Since’ 
the velocities are oppositely directed, the total momentum is again zero. 

(2) Another interesting experiment to illustrate this principle may be per- 
formed with six or seven billiard balls or glass or steel marbles. The mass of the 


oZ 


9 


Fig. 3:19 


balls should be same. They are placed in a line on a smooth table, each ball 
being in contact with the next ( Fig. 3:19 ). If a ball, of the same mass is shot 
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against one end. ofthe series, say from the left end, it will be stopped by 
collision with the others and the one on the 
extreme right hand end will roll out with the 
same velocity. When two balls are shot as 
shown in the figure, two balls at the other end 
of the line will move out. If three balls are 
shot, three will roll out at the other end. 
The experiment may be performed by 
suspending the balls by strings so that each 
EE ball remains in contact with the next, as illus- 
Fig. 3:20 x a 
trated in Fig. 3:20. 


3-11. Applications of the principle of conservation of linear momentum, 
[A] Collisions of bodies moving in the same line. 


In general collisions between two bodies are divided into three categories. We 
should remember that in all types of collisions, momentum is always conserved. 


(i) Perfectly elastic collision : In this type of collision, the relative velocity 
of the two colliding bodies after collision equals their relative velocity before 
collision. We shall see later that in this type of collision the kinetic energy is 
conserved i.e., the total kinetic energy before the collision is equal to the total 
kinetic energy after the collision. Collision of this kind is an ideal one. Collisions 
between atomic and subatomic particles are regarded as perfectly elastic. Very 
near approximations to perfectly elastic collisions are those between ivory or glass 
or steel balls. 


(ii) Perfectly inelastic collision : This type of collision is characterized 
by the fact that after the two bodies have collided, they stick to each other and 
move as one unit i.e., the relative velocity after collision is zero. Kinetic energy 
is notconserved. Some kinetic energy islost during collision being converted 
into other forms of energy, chiefly heat energy. 

This type of collision is also an ideal one. Collision between two balls of clay 
provides a close example. 


(iil) Partly elastic collision: In such collisions the colliding bodies sepa- 
rate after collision ; however, the relative velocity of separation is smaller than 
the relative velocity of approach. In this type of collision, also, some kinetic energy 
is lost during collision. 

Partly elastic collisions are the most general of three cases and usually occur 
in practice. 

Experiment shows that the relative velocity of separation after collision (say, 
v) bears a definite ratio to the relative velocity of approach before collision (say, 
V). This ratio is called the co-efficient of restitution (e) for the bodies. Hence 

y 


e— * js ex (3:15) 
Co-efficient of restitution — Relative velocity of separation. 
Relative velocity of approach 
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The value of e depends upon the nature of the materials of which the bodies 
are made of and also to a small extent on the magnitude of V. Approximate value 
of the co-efficient of restitution for glass is about 0:96 and for lead about 0:16. 


It follows from the definition that for partly elastic collisions, the value of e is 
less than unity (0<e<1). Perfectly elastic and perfectly inelastic collisions are 
the two extreme cases and no such collisions are found to ocgur in practice within 
material bodies. For the former, e=1 (^. y=V) and for the latter, e=0 (*^ v=0), 

We shall now consider the different types of collision quantitatively. In doing 
so, we shall limit ourselves only to the study of collision between two bodies in 
which the velocities both before and after collision are along the same straight line. 


Perfectly elastic collision: In the Fig. 3:21, two bodies of masses m; and 
mg and velocities u, and t travelling alon; 
the same line collide exactly. *head on" in a Q o- 
perfectly elastic manner. During impact, the m, 
bodies exert oppositely directed action and Before impact 
reaction forces P on each other. The force P 
acting on cach body brings about a change in. 
its momentum. The force is obviously an 
impulsive one. The instant after the bodies 
separate, they move along the same straight line 
with velocities v, and yz. All the velocities are 


supposed to be in the same direction and mi : y 
obviously if the bodies are to collide, u> ug After impact 

and if they are to separate after collision, v9 v,. 

Hence Fig. 3:21: Elastic collision 


between two particles 
the relative velocity of approach—u;—us 
the relative velocity of separation — y,— y, 
From the definition of perfectly elastic collision, we have 
14 —Ug — Y3—V1 » (3:16) 
From the principle of conservation of linear aS total momentum 
before impact==total momentum after impact 
le, My + Mg —mv; + mgvs a (3°17) 
From these two equations, we can solve for y, m yg and get 
m —m)u; 4-2 msus 
my ms 
— 2m (m,—mi)us 
m; ms 
We shall now show that the kinetic energy is conserved in such collisions. So 


(3:18) 


total K.E. before impact=5 mts pius 


Xem l E : : 
mp | c) (nauem | 


1 


"my mèu? 4 mèu? + mmy? T us!) | 
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1 
mS [mièu mu 2mymguyus 
emm Eu — 2u)] 


1 
— 2(m-+m) 


1 
WU s [omv mayo? - mymg(v, — Vo)? ] 


[omu T mgug)* -- myms(u, — ug? ] 


[from eqn. 3:16 and 3:17 ] 
1 
~ 2m, + ma) | 
=4tmyv?+4mgy,"=total K.E. after impact. 
Hence for perfectly elastic collision, 
yn? bm Sgr" yn pete (G19) 
i. e, total K.E. before impact—total K.E. after impact. . 


[(m mà trim! em) in a similar way 


Special cases. 

(i) When the masses of the bodies are equal, my=m,. Equation (3:16) and 
(3°17) become, 

Uy—Ug=Vi— Vg; My Ug — Vi Va 
Addition and substraction give, 
Uy—YVg ; =y: Ex SEE (3:20) 

Hence the final velocity of the second particle is equal to the initial velocity 
of the first particle and vice-versa. The particles exchange velocities during impact. 

If the second particle is initially at rest, then u,=0. 

From eqn. (3:20), we get, v,—0 and vg=w, i.e., after collision, the first 
particle stops and the second particle moves forward with velocity u, i.e., the 
velocity of first particle before collision. 

(ii) If the particle of mass ms is originally at rest, u,—0. From equations 
(3:16) and (3°17), 
u,—Yg—Y, and muy =M + MyVe 


Solving for y, and v, we get, 


us T" ne ees, (8921) 


If mM, vyei—u, and Ya us. 

Thus the second body remains practically at rest, while the first body rebounds 
in the opposite direction with approximately the same velocity. 

The condition is nearly achieved when a ball bounces offa wall. The wall 
is of very large mass compared to that of ball; it remains at rest and the ball 
rebounds with approximately the same velocity with which it strikes the wall. 


Perfectly inelastic collision: Fig. 3:22 shows the perfectly inelastic 
collision of two bodies of masses m; and ms and velocities u; and uy travelling 
along the same line. After collision, the bodies stick together and let us suppose 
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that the combined body travels in the same direction with the velocity v. Then 
from the principle of conservation of linear 


momentum, o— Q— 


total momentum before  collision-total my m, 
momentum after collision. Before impact 
Mit + Mous = (mi 4- m;)v 3 3 m 
or, nis e (3°92) (m4m) 
Some. kinetic energy is wasted during After impact 
collision, which may be calculated as follows : Péciicily pT nds: 


Before the collision, the total K.E.=} mur +d mus 
After collision, the total K. E.=4 (m, Tm) 
Hence, loss in K. E.=§ (miu! 4- mu?) —4 (m,-+m,)v? 


2 
=4(myuy? + meu?) —4 tat mae) 


Se ay (4-42)? zs “sue (8:28) 
But (u, —u) is the relative velocity of approach before the collision. So the 
loss in K. E. is proportional to the square of the relative velocity of approach. 
Partly elastic collision: We again refer to the Fig. 3:21 but here the 
collision is not perfectly elastic. We see that from the definition, the relative 
velocity of separation i.e., (v; —v;) is smaller than the relative velocity of approach 
i.e., (14 —u;) and we have for the coefficient of restitution, 
Yo—Vi 
U1— ug 
From the principle of conservation of linear momentum 
Mity d- mous — mv, + mv; sas "i (3:24) 
But, e(u, —u;) —v4—v, 
Multiplying by mp, we get 
Mp — mou» mgysg — my, Ju dee (3:25) 
Subtracting (3:25) from (3:24), we get 
(my —em»)us + (1 - e)mgus— (m, - ma)v 


y= Um ems) + (1+ e)ma R (3:26) 
m; ms 
pts zm -—emi)us-- (1 +e) muy, na 3:27 
Similarly, y,— nii ims ( ) 


Loss in K.E.=($71,u,?-+ 4m) — (3o v, 4- mav?) 
“oma! (m+ ma)(myus*- mgus?) — (m, 4- ma)(m, vi? + meV") | 


But, (my + mp)(myuy? + mu?) =m2v2 +m u4 mym,(u,? + us?) 
(miu; mus + mym,(u, =u)? 
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Similarly, from eqn. (3:24) and the expression for e, 


(my + my) (my? + move?) = (mi + msg)? + mmy(v; — ve) — (ms + mus) 
+ m,m? (u; —u;* 
Hence, 
i =p mma (1 eryu,— a) a 28 
Loss in K.E ar (1 —e?)(u;—us) (3°28) 
when e=1, the r.h.s. reduces to zero. When e=0, eqn. (3:28) reduces to 
eqn. (3°23). 


[B] Gun firing a shell. 


This example was discussed earlier (Fig. 3:11). We shall now deduce an 
expression for the velocity of the gun. 


Before firing, initial momentum of the system consisting ofthe gun and the 
shell is zero. After firing let V be the velocity of the gun of mass M, the velocity 
of the shell of mass m being v. Thus total momentum of the system after firing 
=—MV+my. From principle of conservation of momentum, 


MV+my=0 


or, V= a" 
The negative sign shows that the two velocities are oppositely directed i.e., as 


shell goes forward, the gun recoils. 


[C] Jets and Rockets. 


Everyone of us is now familiar with the sight of flying jet planes and rockets, 
driven forward by the jet of rapidly moving gas ejected from them. The principle 
of propulsion is based on the principle of conservation of linear momentum. 


In essence, a jet or a rocket is simply a combustion chamber in which solid or 
liquid fuel is burnt. The combustion chamber has an opening or nozzle at its 
rear. As the fuel is ignited, the gaseous products of combustion formed at a high 
pressure, flows out of the chamber witha very high velocity through the rear 
opening. This stream of exhaust gases thus possesses a large momentum in the 
backward direction. Since momentum is conserved, the jet or the rocket 
develops an equal forward momentum, and thus moves forward with a very high 
velocity. 


In jet engines, the oxygen necessary for burning the fuel is obtained by 
sucking in airat the front of the engine. Depending on the nature of construc- 
tion, jets are classified in two types—(i) ram jet (ii) turbo jet. The ram jet is the 
simplest type of jet engines [Fig. 3°23 (a)]. This has no moving parts and consists 
essentially of along tube. As the plane flies through air, air is forced’into the 
combustion chamber. Thus aram jet can only work if the machine is already 
moving rapidly. 


In turbo jets, the hot gas from the combustion chamber before escaping 
through the rear nozzle rotates a turbine [Fig. 3°23 (b)]. This turbine in turn 
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drives a compressor at the front of the engine which forces air into the combustion 


Fuel inlet 
AN Zz = z a = 
a ANS IR RE 


chamber. 


Combustion < N- 


LEM. LT 
Air intake ^ .. ~ 
Zone SN R 
aE ES A Exhaust gas 


(a) Ram jet 


Compressor Gas turbine 


Combustion chamber 


(b) Turbo jet 


Fig. 3:23: Principle of jet propulsion 


A rocket, however carries its own oxygen, usually in the frozen liquid form. 


A rocket can therefore fly outside the earth’s 
air. Due to the consequent absence of air 
resistance, its motion is facilitated. At present it 
isthe only means of propulsion in space. Fig 
3:24 shows the section of a rocket. The fuel 
and the oxidizer are kept in separate tanks, 
Fand O, respectively. They are pumped into 
the combustion chamber and sprayed in the form 
of fine jets to form the combustible mixture. 
Usually liquid hydrogen, kerosene, ethyl alcohol 
etc. are used as fuels. Liquid oxygen, ozone, 
hydrogen peroxide etc. are used as oxidizers. 
The payload (P) viz. artificial satellite, warhead 
etc. is placed. at the front of the rocket. 
Multiple-stage rockets are used in space 
flights. Each stage contains the propulsion 
system and a part of the total propellant. The 
first stage is called the booster stage. When 
all the fuel in the first stage is consumed, it 
gets separated from the rocket. The second 
stage is then fired. The rocket now being 


lighter attains larger acceleration and hence - 


greater speed. 

To calculate the thrust on the rocket, let 
the mass of fuel consumed in time Af be Am. 
Then Am/At gives the rate of discharge of hot 


atmosphere where there is no 


Pumping 
devices 


Fig, 3:24: Rocket 


gases i.e. the mass of the gas ejected per second from the rocket. If y be the 
velocity of the exhaust gas relative to the rocket, then the change of momentum per 


P-I/6 
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second of the exhaust gas is v Am/At. Hence the reaction force developed on 
the rocket is 
F=” Ex A (2:29) 


This is the thrust on the rocket under the action of which the rocket goes 
forward. The minus sign indicates that y is oppositely directed to F. 

Example 3:12. 4 20 gm. bullet starts from rest from one end of the barrel 
of the gun 80 cm. long and weighing 4 kg. The bullet leaves the other end of the 
barrel with a velocity 200 m.|sec. Calculate (a) the time taken by the bullet to 
leave the gun and (b) the velocity of recoil of the gun. , 

Solution: (a) Here u—0 ; v—200 m./sec.=2 x 104 cm./sec. ; s=80 cm. 


so ytmu?-p2fs 

s. (2x1091—042f/x 80 

s o do Ube * 

efe 160 22:5 x 109 cm/sec. 
Again ~ y=utft 

s. 2x10=04+2:5x 108x t 

e AEOS Eh d 

NL 25x10 8 x 107? sec. 


(b) Here, mass of the bullet m=20 gm. 
mass of the gun M —4 kg.=4 x 10? gm. 
Velocity of bullet at the time of leaving the gun—2 x 10^ cm./sec. 
' Let the velocity of recoil of the gun —V cm./sec. 

Now, from the principle of conservation of momentum 

my+MV=0 ('% Initial momentum of the system is zero) 

or, 20x2 x 1054-4 x 1097 —0 
c V= — 100 cm./sec. 
The negative sign indicates that the gun moves is a direction opposite to that 
of the bullet. 


Example 3:13. A 10 kg. gun fires a projectile of mass 20 gm. with a 
muzzle velocity of 500 m.|sec. Find out (a) the recoil velocity of the gun. If 
the recoil is against a constant resisting force of 20 kg. wt., calculate (b) the time 
In witich the gun is brought to rest and (c) the distance it recails. 

Solution: (a) Initially at the instant of fiting, the system comprising the 
gun and the projectile is at.rest, and hence it pes no ideft Bot after 
firing, the total momentum of the system is given By (20x 500 x40?+10x 10? x v) 
gm. cm./sec, where v is the velocity of recoil of the gun in cm./sec. 

Hence, from the principle of conservation of momentum, 

106-- 10* x y=0 
or, v=— 10 cm./[sec.— —1 m./sec. 

The minus sign indicates that the gun moves in direction opposite to that of 
the projectile. 

(b) The resisting force P=20 kg. wt.—196 x 105 dyne 

m=10 kg.=10 gm. 


— 
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If the gun comes to rest in time t, its momentum change during this interval 
of time=m(y—0)=10* x 103—105 gm. cm./sec. 
From Newton’s second law, 


P=rate of change of momentum= "0" 
xa aroem TE ay y 
^7 196x190 — 19$ T see: 


{c) The resisting force being constant, the gun's motion is uniformly 
retarded. i 

<. distance traversed—average velocity x time. 
—199£2x 0:05—2:5 cm. 

Example 3-14. 4 rocket consumes 0:2 kg. of fuel in one sec. and ejects it 
with a velocity of 200 m.[sec. Calculate the force exerted by the ejected gas on 
the rocket. 

Solution : Mass of the gas ejected per second—0:2 kg. 

Velocity of the ejected gas=200 m./sec. ; 

^. Change in momentum per sec.—0:2 x 200 kg. m./sec.? 
—40 kg. m./sec.2 
which is the force exerted on the ejected gas [from second law of Newton]. 


Hence from third law, the force exerted on the rocket in the forward direction 
==40 newton. 


Example 3:15. Find the minimum rate at which a rocket must be consum- 
ing fuel in order to be able to take off vertically. Given that, at the instant it 
takes off, the mass of the rocket is 3000 kg. and the products of the combustion 
are ejected at a velocity of 300 m.|sec. A 

Solution: Let the required mass of the fuel consumed per sec. =m kg./sec, 

Velocity of the ejected gas=300 m./sec. 

Change in momentum per second of the ejected gas—m x 300 newton, 

From second law, this is the force on the ejected gas. y 

ʻe force on the rocket acting vertically upwards=m x 300 newton. 

[ from 3rd law ] 

In order to take off vertically, this upward force must be just equal to the 
weight of thé rocket which acts downwards, 

+ mx 300=3000 x 9:81 [^ g=9°81 m./sec?] 
m=98'1 kg./sec. 

Example 3:16. 4t some instant of time a rocket of mass mo is travelling 
with a velocity uo. A little later its mass decreases to m and velocity increases 


tou. If the velocity of the exhaust gas relative to the rocket be v, then prove 
that 


u—uo tv log, mojm 


Solution : From relation [5:2(a)], F= —— 


`; du 
But F=mf=m ru 


du=—y dm 
m 
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Hence, u m 
faery en 
m 
Uo mo 
or, u=m +Y log, m,/m 

Example 3:17. A 2 kg. ball moving at 3 m.[sec. collides centrally with 
another ball at rest weighing 0:5 kg. Find the velocity in m.[sec. of each after 
impact, if (a) they stick together, and if (b) the collision is perfectly elastic. 

Solution: (a) Since after collision the two balls stick together, the collision 
is completely inelastic, In this case velocities of both the balls after collision are 
equal. 

In eqn. (3:17) we put y,—va-v ; also ua=0, because one of the balls is at 
rest before. collision. 

AO (2x 10%) x (3 x 103)+0=(2+0:5)x 103 x y 
Hence v=240 cm./sec.—2'4 m.[sec. 
(b) Since in this case the collision is elastic, we have from eqn. (3:16), 
3x10*—0—(vs—») 
40 Ya—9,1—300 E SR. (i) 

Again from eqn. (3°17), . ; 

(2x 108) x (3 x 102)--0— M ee ei ; 
"o yi 0:25y5 —300 RA (ii) 

Solving (i) 'and (ii) we get B 

y,7-180 cm.[sec.—1:8.m./sec. ; y4—480 cm./sec.—4:8 m./sec. 

Thus, after collision both the balls move in the same direction. 

Example 3:18. A sphere of mass 500 gm. moving with a velocity 200 cm.|sec. 
collides centrally with another sphere of mass 100 gm. and velocity 100 cm. sec. 
coming from opposite direction. Find the velocity of each after impact, if 
(a) they stick together and if (b) the collision is perfecily elastic. (c) Also find 
the loss in K. E. in the former case. 

Solution ; Mass of the first sphere p —500 gn. 

Velocity of the first sphere before collision 442-200 cm./sec. 

4. Momentum of the first sphere before collision 


—mu,—9500 x 200—105 gm. cm./sec. 
Mass of the second sphere 75—100 gm. 


Velocity of the second sphere before collision u,=100 cm./sec. 
-. Momentum of the second sphere before collision 
=m_u2=100 x 100—104 gm. cm./sec. 
Since the spheres are moving in opposite direction, their total momentum 
before collision = mau; — mou — 105—103—9 x 10* gm. cm./sec. 
(a) When they stick together after collision, let y be the velocity of the 
composite unit. Then from principle of conservation of momentum, 
9 x 105—(500--100) v 
S00 yz:150 cm./sec. 
the direction being that of the first sphere before collision. 


(c) The loss in K.E. 2 4.500.200? -- 3.100.1005—3.600.150* 
=375 x 10° ergs=0°375 joules, 
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(4) When the collision is perfectly elastic, then from eqn. 3°16, 200—(—100) 
=V — V1; OF ¥o—V,=300 and from eqn. 3:17, 500y,-- 100y,—9 x 104 
or, 5v,+v=900 
Solving for v, and v,, we get, 
¥,=100 cm.[sec., v5—400 cm./sec. 

The direction of both being that of the first sphere before collision, 

Example 3:19. 4 steel ball of radius 6 cm. is initially at rest on a horizontal 
frictionless surface. It is struck head on by another steel ball of radius 3 cm. 
travelling with a velocity of 450 cm.|sec. Calculate the velocity of two balls 
after collision. Assume the collision to be perfectly elastic. 

Solution : Mass of the stationary ball—K x 6? 

Mass of the moving ball=k x 33 

where k is a constant. 

From eqn. 3:16, v, —v,—450 

Again from eqn. 3:17, 

k x 9 x 450—k X 33 xy, +k x 63 x v, 
or, 944-8y, —450 í 

Solving we get v,— —350 cm. /sec., v,—100 cm./sec. 

So the moving ball rebounds in the opposite direction and the stationary ball 
moves forward. 


Example 3:20. 4 ball falls through a vertical height H on a massive horizontal 
slab. After impact, it rebounds to a height h.. Find the coefficient of restitution. 
Solution ; . Let the velocity of the ball just before impact be V, Since’ it- falls 
freely through a height H, we have , i 
V—4/2eH 
where g is the acceleration due to gravity. À 
As the slab remains at rest, V is the relative velocity of approach before impact. 
Let the velocity of the ball just after impact be y. This is also the relative 
velocity of separation. As the ball rises to a height h, hence, 
v==/2gh 


Coefficient of restitution, e=} = uf he 
V H 


Example 3:21. Two spheres moving in the same direction collide. The 
masses are 5 kg. and 2 kg. respectively and the velocities are 10 and 5 metres 
per sec. respectively. The coefficient of restitution is 0°6. Find the velocities 
after impact. Find also the energy wasted. 

Solution: From the principle of conservation of momentum 

$x10--2x5—5y,--2v, or, 5y44-2y,—60 

Also ve—vy=0°6(10—5)=3 

Hence, v,—7'7 m.[sec., vy5—10:7 m./sec. 

Both being in the same direction as before impact. 

From eqn 3:28, Loss in K. E. 

5x2 4 gn ado ve aw 
73543) (1— 0:62) (10—5)?— 11:43 joule 
This may also be obtained from the first principle, 
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Example 3:22. A 20 gm. bulle; is fired horizontally into a 5 kg. block of 
wood suspended by a long string, and the bullet remains embedded in the wood. 
Calculate the velocity of the bullet if the impact causes block to swing 15 cm. 
above its initial level. 


Solution ; Let the velocity of the bullet just before impact be u, and the 
velocity of (bullet + block) just after impact be v, The block is initially at rest. 
Then from the principle of conservation of momentum, 


20u,— (20 +5 x 105v, 


To find v,, we note that-the system starting with this velocity rises through a 
vertical distance of 15 cm. / 


/ 


Hence, »,—4/2gh — ['7 K.E.=P.E. ie. 4 mvtmgh ] 
—4/2x980x15—171:5 cm.[sec. 
5020 


u=- X 171:5—43046:5 cm./sec,=430'465 m. [sec. 


@ EXERCISE @ 


[A] Essay type questions 


1. (a) What do you understand by inertia of rest and inertia of motion? Explain with 
examples, Explain the statement—‘mass provides a measure of inertia’, Show how this 
can be deduced from the second law. 

(b) State Newton’s second law of motion and explain how the unit of force is derived 
therefrom, Define the absolute and gravitational units of force in the Metric and the British 
systems. 

2. State Newton's laws of motion, Explain how the first law gives the definition of force 
and the second law a method of measuring the force. How do you obtain the absolute units of 
force ? Why they are so called ? 

3. A boy sitting on a vehicle moving at aconstant speed throws a ball straight up into 
the air, Will the ball fall in front of him, into his hand or behind him ? If the vehicle acce- 
lerates in the meantime where will the ball fall ? A 

4. Define momentum and state its c. g. s. unit. What do you understand by the impulse 
ofa force? Prove that the impulse of the force acting on a body is equal to its change in 
momentum. 

What is impulsive force ? Explain with suitable examples. 

5. State Newton's third law of motion and explain with examples. 

Explain: (i) Two teams having a tug-of-war must always pull equally hard on one 
another. (ii) Theteam that pushes against the ground harder wins. 

6. Establish the relations of dyne with poundal, Newton, gram-weight and pound-weight 
respectively, Which ones among these are absolute units of force ? 

7. ‘Action and reaction are equal and opposite'—explain with an experiment, Can action 
and reaction balance each other ? Explain with particular reference to the following example 
—A body at rest is set into motion on application of a force. 

8. What is a perfectly elastic collision ? Two bodies of equal masses moving in the same 
straight line in the same direction collide in a perfectly elastic manner. Prove that the bodies 
exchange velocities during impact. 


Sen 
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9. State the principle of conservation of linear momentum and explain with examples. 
How can you prove it from Newton’s third law of motion ? : 

10. (i) Is Newton's first law valid for all frames of reference ? Discuss, 

(i) According to Newton's law, only an outside force impressed by another body can alter 
the state of motion of a given body. Then what outside force brings a car or any other self- 
moving vehicle to a stop under breaking ? [ Model questions, H. S. Council ] 

ii. Distinguish among perfectly elastic, partly elastic-and perfectly inelastic collisions. 
Define coefficient of restitution. What is its value for the above type of collisions? Prove that 
for elastic collisions of two bodies moving in the same line, the K. E. is conserved, » 

12, Prove that the K, E. is not conserved for both partly elastic and perfectly inelastic 
collisions. Caicuhite the loss of K, E. in each case. 

13. A perfectly elastic collision took place between a moving body and a body at rest, 
Prove that (i) if the masses of tlie two bodies are equal, then after collision, the moving body 
stops and the previously stationary body moves forward with the same velocit y as that of the 
moving body before collision, (ii) if the mass of the stationary body be much larger than that 
ofthe moving one, then after collision the first body remains ptactically at rest, while the 
second body rebounds ín the opposite direction with approximately the same velocity. 

14. The masses of a gun and a bullet are M and m, respectively. The gun is fired. If E 
be the energy releaséd by the explosion of the gun powder, calculate the velocity with which 
the bullet moves forward, m 

15. Apply the laws of conservation of energy and momentum to show that for elastic 
collision of a body of mass M with another of mass KM, the energy lost by the former for a 
head-on collision is a maximum when K=1. [ Jt. Entrance, 1979 } 

16. Two perfectly elastic flat discs A and B, one K times as massive as the other rest on a 
smooth horizontal table. The disc A is made to move towards B with a velocity I and makes 
a head-on collision, 

Apply the conservation laws to find out an expression for the fraction of K. E. of A trans- 
ferredto B. Also show that the value of this fraction is the same whether B is K times as 
massive as A or vice versa. 

17. How can you obtain the principle of conservation of linear momentum from Newton's 
third [aw of motion. A gun recoils when fixed, Why? The masses of a gun and a bullet are 


M and m respectively. After firing; the bullet Hies off with a velocity v. Determine the direc- 
tion and magnitude of the velocity of the gun. 


18. A body of mass m moving with a velocity V in the X-direction collides with another 
body of mass M moving in the Y-direction witha velocity v. They coalesce into one body 
during the collision. Calculate—(i) the direction and magnitude of the momentum of the 
final body. (ii) the fraction of initial kinetic energy transferred into heat during the collision, 
in terms of the two masses. 


19. (a) Explain the working principle of a jet or a rocket. What is the essential difference 
between a jet engine and a rocket 7 : 

(b) Jet planes generally fly at higher altitudes, while propeller planes fly at lower altitudes. 
Why ? í [L r. T. 776] 

(c) ‘A rocket is the only means of propulsion in space'.—Justify the statement. 

20. Ina moving lift, a person sometimes feels himself (i) heavier Gi) lighter (iii) of the 
same weight. Explain these phenomena with proper reasons. 

A lift is going downwards. Determine the conditions under which a person inside the lift 
will experience the feeling of (i) weightlessness (ii) super-weightlessness. 


[B] Short answer type questions 
1, A man is standing inside a bus moving in a straight line with uniform speed. What 


wil happen under the following circumstances :—(i) the bus suddenly accelerates in the 
forward direction (ii) the bus decelerates (iii) the bus rounds a curve. à 
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. 2, A heavy block of mass m is supported by a chord from the ceiling. A chord B is 
attached to the bottomof the block. What happens when (i) a sudden jerk is given to B 
(ii) a steady pull is given on to B? 

3, Why an athlete in the long jump event always runs through a little distance before 

~ jumping ? 1 A 

4. A boy sitting in a train moving with a constant velocity throws a ball straight up into 
the air. Will the bail fall in front of him, into his hand or behind him ? 
If in the mean time the train (i) accelerates or decelerates (ii) begins to round a curve, 
where will the ball fall ? 
5. Show that Newton's first law can be obtained from the second law. 
6. “Equal forces acting on a billiard ball or on a carrom piece for the same time produce 
/ same change in their corresponding momenta but do not produce same change in their veloci- 
ties"—Justify the statement, 

. 7.’ “We know that whena force acts on a body, it gets accelerated. As every body is 
attracted by the earth, so no terrestrial body can remain at rest or can move with uniform 
velocity." Do you agree with this statement ? Justify your answer. 

8. Answer the following questions briefly ; i 
(i) It is not possible for a person sitting on a.chair to lift the chair by its handle, how- 
ever strong he might be, unless he lets his feet touch the ground. Why? 

(ii) A horse pulls a cart. According to Newton's third law, the cart also pulls the 
horse with an equal force and in the opposite direction, How do the horse and the cart move 
„at all? [ H. S. '68 

(iii) On a stationary sail-boat air is blown at the sails from'a fan attached to the boat: 

‘Will the boat move ? 

(iv) The passengers sitting inside a stationary car are pushing it from inside, Will the 
car move ? 

(v) A cyclist can't stop the cycle by pulling the handle backwards, Why ? 

(vi) When a vehicle starts suddenly, the passengers lean backwards but when a moving 
vehicle suddenly stops, they fall forward. Why ? 
(vii) Why is a man hit harder when he falls on a paved floor than when he falls on the 
sand from the same height ? ~ [ Model questions, H. S. Council | 
9. A uniform rope of length L, resting on a frictionless horizontal surface, is pulled at 
One end by a force F.: What is the tension in the rope at a distance / from the end where the 
force is applied ? : [4. I. T. 78] 
10. Two men stand facing each other on two boats floating in still water at a short distance 
apart. A rope is held at its ends by both. Thetwo boats are found to meet always at the 
same point whether each man pulls Separately or both pull together. Why? Will the time 


taken to meet be different in the two cases? ( Neglect friction ). [LI 7.74] 
11, A metoerite burns in the atmosphere before it reaches the earth’s surface, What 
happens to its momentum ? [A 1. 7.775] 


12. A body of mass w is placed on another one of mass W, Under what conditions the 
action-reaction between the two bodies will be (i) equal tothe weight w, (ii) greater than the 
weight w (iii) less than the weight w (iv) zero ? Determine the reaction in each case. 

13. Explain with reasons—(i) A stone thrown at a window pane smashes it but a bullet 
fired against the pane makes a clean hole. 

(ii) A passenger alighting carclessly from a moving vehicle falls forward. 

(ii) A manis standing inside a lift. (a) He feels heavier when the lift ascends with an 
acceleration, (b) He feels lighter when the lift descends with an acceleration. 

(iv) Due to the earth's attraction, an apple descends to the ground but under its reaction 
the earth does not move forward towards the apple, 

(v) To clean a garment from dust particles, it is suddenly set into motion. 

(vi) A gun appear to have greater ‘kick’ when fired with the butt held loosely against 
tbe shoulder than when held tightly. 
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14. A Jet engine works on the principle of (i) conservation of mass (ii) conservation of 
energy (iii) conservation of linear momentum (iv) conservation of angular momentum—which 
one is the correct answer ? LZ. I. T.'75] 

15. ‘A rocket moves forward by pushing the surrounding air backwards'—Is the statement 
true or false? Give reasons in brief. [ Z T. T. *80] 

16. A bullet is fired from a rifle. If the rifle recoils freely, determine whether the ‘kinetic 
energy of the rifle is greater thart, equal to or less than that of the bullet. [4.I. T. 78] 

17. Answer the following questions briefly i—i) Which one will impart a greater impulse 
on the wall—a golf ball or a blob of mud, both having the same mass and velocity ? 

(i). Which of the two physical quantities may be chosen to measure the linear accelera: 
tion of a particle—(a) mass and velocity (b) distance and force (c) mass and force (d) velocity 
and density ? : 

(ii) Isthere any force acting on a vehicle when it is moving on à rough road in a 
straight line with uniform velocity ? 

(iv) - A man carrying a suitcase in his hand is standing inside a lift which is descending 
with an acceleration, Will the suitcase appear lighter to him ? 

(v) -Two stones of equal mass rest on the pans of an equal-arm balance in a lift. Will 
they remain balanced when the lift accelerates upwards ? ` 

18. An eye with a bird is hung from a spring balance. Will the reading of the spring 
balance differ in the following two cases—(i) when the bird is sitting inside the cage (ii) when 
it is flying inside the cage ? 

19. A boy holding a spring balance in his hand suspends a weight of 100 gm from it, 
The balance slips from his hand and falls down. What will be the reading of the balance 
while it is in air ? [ Model Questions, H. S. Council | 

20. A sand glass is weighed in a sensitive balance. Will its weight in the following two 
cases be different ?—(i) When all the sands are in the lower compartment (ii) When the sand 
particles are falling from the upper to the lower compartment... . i 

21. Consider the following two cases :—(i) Two boys pull at the ends of a rope: each with 
the force- F in opposite directions, (ii) A boy ties one end.of a rope to a tree and pulls at the 
other end with a force 2F. In which case the tension in the rope will be greater ? : 

22. Atruck and a car are moving with the same momentum, When brakes aro applied, 
they stop after covering the distances sı and s, respectively, the braking forces in both the casos 
being same. Select with reasoning the correct answer from among the following ; (i) s:<s2 
(ii) 51>, (iii) s1=5 (iv) tho values of s, and s; depend upon the power of the engine. 


[C] Simple Problems. 


1. Velocity of a body weighing i kg. changes from 5 cm./sec. to 20 cm./sec., in 5 sec. 
Find the force acting, (H. S. '66 ) { Ans. 3000 dyne T 
2. A force of 200 newton acts on a body for 10 sec. and gives it a velocity of 40 m./sec. 
Find the mass of the body. j [ Ans. 50 kg. ] 
3. A body of mass 250. gm. traverses in successive seconds distances of 100, 110 and 120 
cm. respectively, What force is acting on it ? [ Ans. 2500 dyne ] 
4. A force acts for 20 sec. ona body of mass 5 kg. and then ceases to act. The body 
moves uniformly and describes 10 metres in the next 5 sec. Find the magnitude of the force. 
[ Ans, 05 newton ] 
5. A body of mass 100 gm, has a momentum of 200 gm. cm. per sec, What is its velo- 
city? Ifthe above momentum was acquired from rest in 10 secs., what were the acceleration . 
and the forge acting on the body ? [ Ans. 2 cm.[sec., 0:2 cm. /sec.?, 20 dyne ] 
6. What shall be the upward force.in newton ‘exerted on a 50 kg, body so that it causes 
the body to fall with an acceleration of 7-8 m./sec.2 ? [ Ans. 100 newton ] 
7. A force of 100 dyne acts on a mass 10 gm. for 5 sec. Find the change of momentum 
and the distance travelled during the time. [ Ans, 500 c. g. s. unit, 125 cm. ] 
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8. A motor car of mass 400 Ib. is running at a velocity of 30 mile/hr. It was brought 
to rest within a distance of 40 ft. by applying brakes uniformly. What force acted on the 
-car ? [ H. S. '71 (comp.) ) [ Ans. 9680 poundal ] 
9. A motorist rushing at 36 km./hr. finds a man 26 m. ahead. He stops the car within 
1 m. of the man by applying brakes. Calculate (a) the time required to stop. the car and (b) 
the retarding force that acted on the car... Given, the total mass of the car and the passengers— 
2500 kg. [ Ans. (a) 5 sec, (b 5000 newton ] 
10. A motor car moving with a velocity of 14 m./sec. can be stopped by aj lying brakes 
in 20 metre. Prove that the resistance provided by the brakes to the car’s mo is half of 
the weight of the car. ; qos 
11. A bullet of mass 10 gm. moving with velocity of 100 m./sec. is Stopped within 10 cm. 
ofthetarget. Find the resistance offered by the target in newton. [ Ans. 500 newton ] 
~ 12. A 1 kg. hammer travelling at a speed of 560 cm. [sec. strikes a nail and drives it 2 cm. 
into a block of wood. Find (a) the acceleration of the hammer, and (b) the constant resisting 
` force, [ Ans. —6:25x10* cm./sec.? ; 6:25 x 107 dyne ] 
13. A body of mass 200 gm. is moving with a velocity of 100 cm./sec. (a) Calculate the 
magnitude of the force required to stop it in 10 sec. (b) Also calculate the: distance it 
moves before coming to rest. [ Ans. (a) 2000 dyne (b) 500 cm. I 
14. A bullet of mass 25 gm. is fired from a gun with a velocity of 400 m./sec, After 
passing through a target 20 cm, thick, its velocity drops to 100 m./sec. Calculate the resistance 
offered by the target. [ Ans, 9375 newton ] 
15. When a golf ball of mass 62 gm. is hit by club, it acquires a speed of 80 m./sec. The 
impact lasts 2x 107? sec, Assuming the force that the club exerts on the ball is constant, what 
is its magnitude ? [ Ans. 2:48 x 10 dyne ] 
16. A cricket ball of mass 100 gm. and moving with a velocity of 400 cm./sec. is brought 
to rest by a player in 0:01 sec. Find (a) the impulse and (b)the average force in newton 
applied by the player. [ Ans. (a) 4x 10* gm, cm./sec. (b) 40 newton ] 
17. A cricket ball of mass 156 gm. travelling at 1:5 m./sec. is moving towards a fieldsman 
who fumbles the catch, but succeeds in reducing the speed of the ball to 0-5 m./sec. What 
average force did the fieldsman exert on the ball, if the ball was in contact with his hands) for 


0:25 sec. ? [ Ans. 6:24 x 10* dyne ] 
18. A man weighing 60 kg. is standing on a lift. Find his weight as recorded bya 
weighing machine when (a) the lift is ascending with a uniform velocity of 3 m./sec,, (b) the 
lift is ascending with'a uniform acceleration of 3 m./sec.?, (c) the lift is descending with a uni- 
form acceleration of 3 m./sec.?, [ Ans. (a) 60 kg. (b) 78:38 kg. (c) 41:64 kg. ] 
19, A man of 150 Ib. causes a lift to move downwards with an acceleration of 3 ft./sec.?, 
What thrust does the man exert on the floor? If the lift moves upwards with the same accele- 
Tation, what thrust will he experience ? Calculate the acceleration of the lift for which the 
man feels weightless. ( Jt. Entrance '74 ) ( Ans. 4350 poundal, 5250 poundal, 32 ft, /sec,? ] 
20.. A man weighing 70 kg. is standing on a lift, Find his weight as recorded bya 
machine when the lift is (a) Stationary (b) descending with a uniform velocity) of 4 m./sec. 
(c) descending under the action of gravity, [ Ans. (a) 70 kg. (b) 70 kg. (c) zero ] 
21. A man whose weight is 70 kg., enters a lift at the eighth floor of a twenty storied 


building and stands on a spring weighing machine. When the lift starts, he finds that the scale 
reads 65 kg. for a short period and then shows a steady reading of 70 kg. Just before the lift 
stops, the scale reads 73 kg. 


Was he ascending or descending ? Find: the accel 
stopping. 
the recoil velocity of the gun. If the recoil is against a 
calculate (b) the time in which the gun is brought to res: 

` [ Ans. (a) 10 m./sec. (b) 0°68 sec, (034m .] 
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23. A bullet of mass 100 gm. leaves the gun with a velocity of 500 m./sec, The velocity 
of regoil of the gun is 10 m./sec. Calculate the mass of the gun. [ Ans. 5 kg. } 
24. A rocket burns 0:25 kg. of fuel per second and ejects it asa gas with a velocity of 
lkm./sec. Calculate the force exerted by the ejected gas on the rocket, [ Ans. 250 newton ] 
25. A 40 kg. ball moving at 20 m./sec, strikes centrally another ball at rest weighing 50 kg. 
Find the velocity of each after impact, if (a)they stick together and (b) if the collision is per- 
fectly elastic. (c) Calculate also the loss in K. E. of the balls due to impact ia the former case, 
[ Ans. (a) 8:89 m./sec. (b) v, — —2:22 m./sec. and ¥s=17-78 m,/sec. (c) 4444:4 Joule ] 
26. A body of mass 1 kg. moving with a velocity of 10 m./see. towards right makes head 
on collision with another body of mass 3 kg. and velocity 2 m./sec. coming from opposite 
direction, Calculate the velocity of each after impact, if (a) they stick together and (b) the 
collision is perfectly elastic. (c) Also calculate the loss in K. E. of the bodies due to impact in 
the former case. [ Ans. (a) 1 m./sec. towards right ; (b) 8 m./sec. towards left; 4 m./sec. 
towards right ; (c) 54 joule ] 
27. Two spheres of masses 6 gm. and. 8 gm, are moving towards each other in the same 
line with velocities 10 cm./sec. and 6 cm, /sec, Tespectively. Find their velocities after collision 
if the coefficient of restitution is 0°75. Calculate also the loss of energy. 
[ Ans, —6 cm. /sec., 6 cm./sec., 192 erg. ] 
28. A balloon of total mass 1000 kg. floats motionless over the earth's surface, If 100 kg. 
of sand ballast are thrown overboard, with what acceleration the balloon starts to rise ? 
[ Ans. 1-09 m./sec.* ] 
29. A 2000 kg. lift asends with an acceleration of 2 m./sec. Find the tension in the rope. 
Repeat your calculation for the lift descending with the same acceleration, 
[ Ans. 23620 newton ; 15620 newton ] 
30. An inflated balloon contains 4 gm. of air which is allowed to escape from a nozzle at 
a speed of 5 m./sec. Assuming that the balloon deflates at a steady rate in 0*5 sec., what is the 
force exerted on the balloon ? T7 [ Ans. 0:04 N ] 
31. A body of mass 1:5 kg. is moving along a straight line AB with a velocity of 5 m./sec. 
A force of 6 Newton acts on it at right angles to AB for 3 sec. What will be the velocity of 
the body at the end of 3 sec ? [ Ans. 13 m./sec. at an angle tan- (Gp) to AB] 
32. A particle of mass 4-5 gm is moving in a straight line AB with uniform velocity 
2cm./sec. When it crosses the point A, a force of 0:3 dyne begins to act on it, the direction of 
the force being always perpendicular to AB. 30 sec, later the particle ie at Csuch that BC is 
perpendicular to AB. If M be the midpoint of AB, show that the direction MC is the direc- 
tion of motion of the particle when it is at C. Find the displacement AC. ` [ Ans. 67-08 cm. ] 
33. A ball of mass 2 kg. is suspended by a string from the ceiling of a car. If the car 
moves horizontally with a constant acceleration of 1-5 m./sec, find the angle which the string 
makes with the vertical and also the tension in the string. [ Ans. 8:72 ; 19:83 N ] 
34. A shot of mass 250 gm. is fired from a gun of mass 20 kg. with a velocity 75 m./sec. 
relative to the gun. . Find the actual velocity of the shot and the velocity of recoil of the gun. 
j . [ Ans. 74:074 m./sec ; —0:926 m./sec. } 
A 
35. Three particles 4, B and C.of equal mass move with equal 
speed Valong the medians of an equilateral triangle as shown in 
the figure. They collide at the ,centroid G of the triangle. After 
collision 4 comes to rest, B retraces its path. with speed V. What is 


> 

-the velocity of C? (4. I. T.'82) [ Ans. V. along BG } 
c 
36. A body of mass 1 kg. initially at rest, explodes and breaks into three fragments 


of ‘masses in the ratio 1:1:3. The two pieces of equal mass fly off petpendicularly 
to each other with a speed of 30 m./sec. each. What is the velocity of heavier fragment ? 


(EL T.'81) 
[ Ans. 14:14 m./sec directed opposite to the bisector of the right angle ] 
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[D] Harder Problems 
1. A particle of mass 5 gm. isinitially moving along a straight line with a velocity of 
10 cm./sec, and then a force of 10/2 dyne is applied to it at an angle of 45° to the initial 
direction of motion. - Calculate the change in its kinetic energy during the first second. 
(1.1. T. 765 ) [ Ans. 120 erg ] 
2. Two bodies of different masses have the same kinetic energy. Prove that the heavier 
` “Body has momentum greater than that of the lighter one. 
f 3. A rifle bullet moving with a velocity of 400 m./sec. is just able to pierce a plank 8 cm. 
‘thick, What should be the velocity of the bullet so that it can just pierce a plank 13:52 cm. 
thick. K [ Ans. 520 m./sec. ] 
4. A60 kg. man standing in a lift holds a spring balance with a load of 4 kg. suspended 
from it, What would be the reading of the balance when the lift is descending with an accele- 
‘sation of 5 m.[sec.? ? : [ Ans. 1:959 kg. ] 
5. A rope of negligible mass can support a load. of M kg. Prove that the mass of the 


greatest load which can be raised is equal to Mi( 1474, kg. where g is the acceleration 


due to gravity and h is the height through which the said load rises from rest with uniform 
acceleration in time f. ; 

6. A steel ball of radius 2 cm. is initially at rest on horizontal frictionless surface, It is 
struck head on by another steel ball of 4 cm. radius, travelling with a velocity of 81 cm./sec. 
Calculate the-velocities of the two balls after collision. 

: (I. I. T. '64 ) [ Ans. 144 cm.[sec. ; 63 cm./sec. ] 

7. A neutron makes a perfectly elastic head on collision with a stationary carbon nucleus, 
Show that, the neutron losses 0-284 of its initial kinetic energy as a result of the impact. 

8. Two bodies 4 and B of masses 100 gm. and 400 gm. respectively are moving towards 
each other with speeds 100 cm./sec. and 10 cm./sec. They suffer a head on collision and Stick 
together. (i) In which direction will the combined mass move after the collision, (ii) what 
will be the distance travelled by the combined mass after 10 sec., (iii) assuming the two bodies 
ta be originally at the same temperature and specfic heat of both the bodies to be 0-1, calculate 
the rise in temperature of the combined mass after the collision. [3:42 71] 

[ Ans. (i) In the direction of motion of A. (ii) 120 cm. (iii) 23x 10-**C.] 

9. Find the minimum rate at which a rocket must be consuming fuel in order to be able to 
take off vertically, given that, at the instant it takes off, the mass of the rocket is 5000 kg. and 
the products of the combustion are ejected ata velocity of 250 m.[sec, — [ Ans. 19672 kg./sec. ] 

10. | A space vehicle of mass m while moving towards the moon with velocity u is divided 
into two parts by an explosion. The smaller part ( mass m/3 ) is then found to move towards 
the moon with velocity v, while the larger part ( mass 2m/3 ) has its velocity reduced to u/2. 
Find (a) the velocity » in terms of u, (b) the K. E. of the whole system before and after explo- 
sion and (c) energy in joule to be supplied during explosion, if m=1000 kg. and u=4 km/sec. 

i belio le i [ Ans. (a) v—2u ; (b) } mu? and 3 mu? ; (c) 4x 109 joule ] 

T olloonist es imates the motion of the balloon hanging a . wei, he 
end of a spring balance. The spring balance reads 800 E How is Pa B ease 
z [ Ans. With an acceleration 140 cm./sec.? upwards ] 

12. AS0kg.lead hangs at the end ofa rope. Find the acceleration of the load if the 
tension in the rope is (a) 50 kg. wt. (b) 40 kg. wt. and (c) 75 kg. wt. 

[ Ans. (a) Zero (b) 1:96-m./sec.* downwards (c) 4-9 m./sec.* upwards ] 

13. A crane rope can withstand a tension of 1000 kg. wt. What is the greatest accelera- 
tion with which the rope can raise a crate weighing 800 kg. ? [ Ans. 2:45 m./sec.* ] 

14. A machine gun placed directly in front of a target fires 500 bullets per minute into tho 
target. ee xs p velocity 600. m./sec, and mass 50 gm. Calculate the average force 

exerted a [ Ans. 250 newton } 
_15, Find the force exerted on the sail of a boat by a 30 km. p. h. wind, the area of the 
ail being 6 sq. m. Density of air=1-29.gm,/It. at N.T.-P, [ Ans. 537-5 newton } 
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16. What force is exerted on a vertical wall when a horizontal jet of water 5 cm. in 
diameter and having speed 10 m./sec. impinges on it ? Given, after striking the wall, the water 
is moving parallel to the wall and density of water — 1000 kg./m?. [ Ans. 196:25 newton } 

17. A gun is mounted on a platform having perfectly frictionless wheels, The mass of the 
platform with the gun, Projectiles and operator is M. The mass of a projectile is m, The gun 
is fired in a horizontal direction. The initial velocity of the projectile is v. What will be the 
speed of the platform after Nth shot? - [ Ans. V uy Nmv|( M—Nm )] 


18. A man of mass 70 kg. stands on a stationary horizontal platform of mass 35 kg. which 
has almost frictionless wheels and-can move along the horizontal floor. Explain mathemati-. 
cally what happens (a) if he starts to walk steadily across the platform, moving at 3 m./sec. 
relative to the platform, (b) if he then brings himself to rest relative to the platform again. 

[ Ans. Velocity of the platform=2 m. sec. (b) the platform. comesto rest ] 

19. Two boys of masses 30 kg. and 50 kg. sit facing one another on light frictionless 
trolleys holding the ends of strong taut cord between them. The lighter boy tugs the cord and 
acquires a velocity of 40 cm./sec. Whats the initial velocity of the other boy ? What happens 
to their motion when they collide ? [ Ans. 24 cm./sec. ] 

20. In still water, a boat is placed in a perpendicular direction to the bank. The distance 
of the nearest end of the boat from the bank is 0'6 m. A man walked along the boat from 
this nearest end to the other. If the masses of the boat and the man be 200 kg. and 50 kg. res- 
pectively and if the length of the boat be 2-5 m., then will the boat be able to reach the bank ? 

What should be the minimum length of the boat in order that it can reach the bank ? 

[ dns. No; 3 m, } 

21. A small metal ball is dropped vertically on a horizontal fixed plane of the same metal 
from a height of 8 metre, If the coefficient of restitution is 0:5, find the heights of the first, 
second and the third rebounds, If the mass of the ball is 2 gm. how much energy is wasted 
during these impacts ? [ Ans. 2 m., 0:5 m. ; 0:125 m.,; 0:154 Joule ] 

22. Fora partly elastic collision of two bodies, show that 

C4, )/C uius =m +e )/( m--m ) 
the symbols having their usual meaning. 

If the masses of the two bodies are equal and the coefficient of restitution is 0:5, show that 
exactly half the energy is lost in collision if 

(1— V2) u- (1- /2)us 

23. Two small equal spheres hang by. vertical strings 1*6 m, and 2m. long respectively so 
that they just touch each other with their centres at the same level. The former sphere is drawn 
aside till its string subtends an angle of 60° with the vertical and is then released. After the 
impact, the second sphere is found to swing through an. arc of 45*. Find the coefficient of 
restitution, ( Take g—10 m./sec.? ), [ Ans. 0:7115 ] 

24. An engine of mass 100 tonhes is coupled to and pulls a carriage of mass 35 tonnes, 
The resistance to the motion of the engine is 4 of its weight and the resistance to the motion 
of the carriage is rts Of its weight. Find the tension in the coupling if the tractive force 
exerted by the engine is 27710 N. [ Ans. 5460 N ] 

25. An engine of mass 200 tonnes is pulling a train of 10 carriages, each of mass 


exerting the same pull. that the tractive resistance is Proportional to the weight, 
find how far ahead the front half of the train is when the rear half comes to rest ? 

[ Ans. 400 m. ] 

26. A shell of mass 30 kg, is moving vertically upwards. When its velocity is 150 m./sec. 

it bursts into two pieces, If the lower piece of mass 5 kg. is instantaneously Stopped by the 

explosion find (a) how much higher the upper piece will ascend and (b) energy supplied during 

explosion, (Ans. (a) 1653-06 m. (b) 67500 Joule ] 


4 FRICTION 
CHAPTER 


—41. Friction. 


Whenever a body in contact with a second one, moves or tends to move, forces 
opposing the motion come into play. They are tangential to the surface along 
which motion occurs or tends to occur. These forces are called forces of friction 
‘or frictional forces between the two surfaces in contact. 


As such forces always act on a body in a direction opposite to that in which it 
moves, reversal of the direction of motion also reverses the direction in which 
these forces act. Frictional forces may also act when there is actually no relative 
motion but there is tendency for such relative motion. 

For example, in trying to push a book 
lying on a table, the push applied may ; p 
not be sufficient to set the book in motion. 
The applied force is then balanced by 
an equal frictional force exerted on the 
book by the table. When the applied 
force is able to overcome this frictional 


Friction tries to 
prevent its motion 


‘force, the book slides, say from right to Weight 

left (Fig. 4:1). A frictional force to the - ihe 

right acts on the book, trying always to Fi Bo Rei : 
bring the Lac f ig. 41: Friction opposes motion 


Often friction is very useful. The brakes of a moving vehicle work by friction. 
In driving a car friction is essential. In absence of friction, the wheels would spin 
around but the car would not move. Friction makes it possible for us to walk; 
otherwise we would slip as soon as we try to walk. Friction is useful in trans- 
mitting power from a motor to a machine by means of a belt. When work is 
done against frictional forces, heat is produced. This is useful in 
On feeling cold, we rub our hands together to make them warm, 


On the other hand, in many other cases 
reduces the efficiency of a machine, thus necessiating greater supply of energy for 


its operation. It causes wear and tear of the moving parts, produces heat leadin, 
: g 
to more damage, and thereby shortens the life of the ‘hashing, Hence the need 


striking a match. 


frietion is a disadvantage... Friction 


s atmosphere, a 
space-craft may become red hot due to the same cause, A special heat shield is 
fitted to protect the astronauts, 
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42. "Types of Friction, 

All forms of friction may be classified into following three categories : (a) sliding 
friction (b) rolling friction (c) fluid friction. The first two categories may be of 
two kinds—(i) static and (ii) kinetic. 

Jf the surface of one body slides or tends to slide over that of another, forces 
of friction opposing such motion are known as sliding friction, 

Frictional forces opposing the motion of a body rolling or tending to voll on 
another are called rolling friction. 

Sliding and rolling friction are usually present between solid surfaces. Rolling 
friction is found to be much smaller than sliding friction. — It is for this reason 
that wheels are used on vehicles. 

When there is a tendency of motion between two surfaces in contact, but actually 
no relative motion, the existing frictional force is called static friction. 

When the surface of a body in contact. with another is in relative moiton, the 
frictional force that exists is known as kinetic or dynamical friction, 

When a gas or a liquid ( i. e. a fluid ) flows across a stationary object or when 
an object moves through a previously stationary fluid, the friction produced is 
known as fluid friction. Such forces exist when a ship plies through water or 
when any object e.g. car, aeroplane, space ship etc., moves through air. Fluid ` 
friction is found to be much less than two types of friction involving: solid surfaces, 
43. Sliding Friction. 

On closer examination, under suitable magnification, any surface though 
apparently smooth will be found to be full of irregularities. These irregularities 

: in the surfaces of two bodies in contact, 
tend to interlock (Fig. 42) and offer 
resistance to motion giving rise to the 

"force of sliding friction. If the surfaces are 
made smoother, friction diminishes, 

Within a few percent accuracy, certain 
simple observations are found to be true 
for nearly all cases of sliding friction. 

These can be illustrated by a simple experi- 
ment. 

A block is placed on a horizontal table. 
A string attached to the block passes over a 
smooth pulley attached at one end of the table. 
Weights can be placed on a pan tied to the 
other end of the string [ Fig. 4:3 ]. 

When the weight pan is detached, the 
tension in the string will be zero. The block 
is then in equilibrium under the action of its 
weight W acting vertically downwards and 
equal and opposite reaction force N applied Fig. 43: Experiment on sliding 
on the block by the table. friction, 

If a small mass is now placed on the pan, the block will not move. The 
horizontal force T on the block due to tension in the string ( which is equal to the 
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weight of the pan--small mass ) is then balanced by the frictional force f, that 
comes into play in the opposite direction. This is a force of static friction. 

The tension in the string is then gradually increased by adding small masses 
onthe pan. All the while frictional forces also go on increasing balancing the 
tension, But there isa limit to such increase of frictional forces. When that 
limit is crossed, with a further small increase in the tension, the block breaks away 
from the surface and begins to slide. Frictional force is thus a self-adjusting force, 
and so long as the body is at rest, this equals the applied force. The maximum 
value of the force of static friction when the body is just on the point of sliding is 
cálled limiting friction. : i; 

When the body begins to slide, it is found that application of a force slightly 
smaller than the limiting friction is sufficient N 
to maintain the body in uniform motion. 

Since during uniform motion no resultant 

force acts on the body, the applied force M 
must be balanced by the opposing forcé of 

friction. We thus conclude that when a h 

body actually slides, the force of friction falls Se 

to a slightly smaller value; it then remains 

practically constant even if the sliding motion 

be increased. This new frictional force fy, is w 

called the Kinetic or Dynamic friction Pig, 4-4: Kinetic friction 
[ Fig. 441. 

All these observations can be represented graphically. Plotting the frictional 
force against the applied force, the graph shown in Fig. 4°5 will be obtained. As 
the applied force is increased, force of 
static friction also increases at the same 
rate which is represented by the straight 
portion QA of the curve inclined at 45° to 
the axes. , When the applied force reaches 
a certain value OD, the body. is on the 
verge of sliding. The static friction is then 
maximum given by AD, which is the 


i 
E limiting friction. On further increasing 
Applied force ——- the applied force, the body begins to 

Fig. 45 move and the slightly lower value of 


kinetic friction coming into play, remains 
constant afterwards and is given by CE. 

If the above experiment by repeated by placing another similar block on the 
previous one [ Fig. 4:6 (a) ], the force necessary to just initiate sliding or to main- 
tain uniform motion of the system and hence the opposing force of friction, will 
be found to have doubled. On adding another block, the force will be found to 
have tripled and so on. Frictional force thus increases proportionally with the 
total downward force or the reaction force pressing the two bodies together. 

Ifthe second block is tied behind the first [ Fig. 4'6 (5)] or if any one of the 
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first blocks is placed with its smaller face on the table [Fig. 46 (c)], the forces of 
friction will be found to be the same to the previous values. This shows that the 
frictional force is independent of the area of contact. 


If a large glass sheet is placed on the table and the experiment is repeated with 
the block on the glass sheet, the force of friction will be found to be lower. Hence 
friction depends upon the nature of the surfaces in contact. 


44. Laws of Friction. 


The above observations can be written in a generalized manner, known .2s the 
laws of friction, which are given below : 

(1) The force of friction between two surfaces in contact is parallel to the 
surfaces sliding or tending to slide over each other and acts always opposite to the 
direction of motion. 

(2) The force of friction depends upon the material ( i.e. iron, glass, etc.) 
and the condition (i.e., on polishness, roughness, wetness etc.) of the surfaces in 
contact. 

(3) The force of friction is independent of the area of the surface of contact. 

(4) The maximum force of static friction or the limiting friction is propor- 
tional to the normal force which one surface exerts on another. 

(5) Limiting friction is slightly greater than kinetic friction. 

(6) The force of kinetic friction is also proportional to the normal force 
between the surfaces. 

(7) Over a wide range, the force of kinetic friction is independent of the 
relative velocity of the two surfaces, provided that the resulting heat does not 
affect the condition of the surfaces. 

(8) Other things remaining equal, sliding friction is greater than roliing 
friction. ; 

Co-efficient of friction: If the normal force between two bodies in contact 
be Ñ, then from the law of friction, the force of limiting friction 


fren 
or, f, —u;N M x (4:1) 
where u, isthe constant of proportionality. p, is called the co-efficient of 
limiting ( or static ) friction. It is obvious that ihe value of this constant 


P-1/7 
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depends upon the materials of the surfaces in contact and also on their condition. 
Its value is ordinarily less than unity. 

When one of the bodies is sliding uniformly over another, the force of kinetic 
friction f, to be overcome is slightly less than the force of limiting friction f,. 
Also from the laws of friction, 

Si k © N 
or f,—pu,N b i (42) 

The constant of proportionality &, is known as the co-efficient of kinetic 
friction. p, is slightly less than p, for any given pair of substances. Its value 
also depends upon the nature of the surfaces but independent of their relative 
velocity of sliding. 

Typical numerical values of these constants are given in the following table. 


Material | Hs | 


Pk 
Steel on steel 0:15 EOD: 
Leather on wood . 0:5 0:4 
Glass on glass 0:94 0:4 
Rubber tire on dry concrete road 1:0 0:7 
Rubber tire on wet concrete road 0:7 0:5 


Augle of friction : When the force of friction is limiting, the normal reaction 
N and the force of limiting friction f; may be compounded into a single force R, 
called the resultant reaction [ Fig. 47]. The angle, «, which this resultant R 
makes with the normal reaction N, is called 
the angle of friction. Now N=R cos « 
and f, —R sin « 
JA o Ran e. 
so that S gin! Roa M « 
Butfo—-u,N . H, =tane e (43) 
The co-efficient of limiting friction is thus 
equal to the tangent of the angle of friction, 
45. Angle of Repose. 
Fig. 47: Angle of friction A block of weight W is placed on an 
inclined plane whose inclination may be 
varied. If the inclination of the plane be very 
small, the frictional force would prevent the 
downward motion of the block. On increasing 
the angle of inclination, the limiting point will 
be reached when the body just begins to slide 
downwards. This particular angle is known 
as the angle of repose. Thus it may be 
defined as the maximum angle of inclination of 
a plane such that a body resting on the plane, 
is on'the point of sliding downwards under the action 
Fig. (48), if 0 be the angle of repose, then W sin O=f, , 


Fig. 48: Angle of repose 
of its. own weight. From 
W cos &—N. 


=A Ws. 
Ne ok te 
But u,=tan «, where « is the angle of friction. 
0—« E (44) 


Thus the angle of repose is equal to the angle of friction. 

After the sliding begins, the angle gf inclination may be slightly decreased to a 
value 6’, so that the body slides down with uniform velocity. This angle is known 
as the limiting angle for kinetic friction. Proceding as before, it can be shown 
that 

qa =tand’ des s (4*5) 


4:6. Motion of a body on a rough surface, 


For producing motion of a body on a rough surface, the applied force must be 
large enough to overcome friction. If the applied force be P and the force of 
kinetic friction opposing the motion: be f, then the resultant force ( P—f, )is 
effective in producing the acceleration f of the body. From Newton's second law, 
the equation of motion is given by 


P—f,—mf 2H je (46) 
where m is the mass of the body. 
Since,  f,—u,N, we get P—-u,N--mf a Ae (47) 


Example 41. 4 150 gm. block rests ona horizontal floor. A minimum 
horizontal force of 30 gm. wt. is required to start it moving ; it is then found 
that a horizontal force of 25 gm. wt. keeps it moving with uniform velocity. (a) 
Find the co-efficient of static friction and the co-efficient of kinetic friction. (b) 
What is the force of friction when a force of 15 gm. wt. acts on the block ? 


Solution; (a) The normal reaction force is equal to the weight of the 
block. Hence, 4,=8%5=0°2 ; u,—435,—0:17. 

(b) ` The force of friction is 15 gm. wt. directed opposite to the applied force ; 
the block remains at rest. 


Example 42. The angle of inclination of a plane can be varied. A body 
resting on the plane, just begins to slide down when the angle of inclination is 30°. 
lt is found that it keeps moving down without acceleration, if the angle of 
inclination is lowered to 25°. Find the co-efficient of static friction and the 
co-efficient of kinetic friction. 


Solution : From article (4:5), 
u, —tan 30°=0°58 ; 1, —tan 25°=0°47. 
Example 43. 4 horizontal force, equal tg the weight of 20 gm. acts for 
5 sec. on a block of mass 50 gm. placed on a rough horizontal floor. Calculate the 
velocity- of the block at the instant the force ceases to act. Given that the co- 
efficient of kinetic friction between block and floor is 0°2, 


Solution: Since the normal reaction force acting on the block is 50 gm. wt., 
frictional force opposing its motion is 
Su=02 x50=10 gm. wt.=10x 981 dyne. 


88 ELEMENTS OF HIGHER SECONDARY PHYSICS 


Since the force acting on the block in the direction of motion is 20 x 981 dyne, 
we have from equation (4:6) 
20 x 981—10 x 981=50 f 
where is the acceleration of the body. 
SS f=2§2 cm [sec?. 
Since the block starts from rest, its velocity at the.end of 5 sec, is given by, 
yeu ftz0 -- 381. 52-981 cm./sec. 


Example 4'4. A block of mass 60 gm. is pulled alonga horizontal surface 
by means of a rope making an angle of 30* above the horizontal surface, so that 


starting from rest, the block gains a speed of 4'9 metre/sec. in 5 sec. lf the — 


tension in the rope is 30 gm. wt., what is the co-efficient of kinetic friction ? 
(Take g=980 cm.|sec.*] - 


Solution : Velocity of the block at the end of 5 sec.=490 cm. [sec. 
Acceleration of block =f=429=0 — 9g cm. [sec.* 
The horizontal component of tension in the rope is 
T,-—30 cos 30°=30 x 0:866=25:98 gm. wt.—25:98x980 dyne. This force 
overcomes the force of friction and gives the block a horizontal acceleration. 
* The vertical component of tension in the 
T oe rope is, T,=30 sin 30°=15 gm. wt.—15 x 980 
j dyne. Sincethe weight of the block acts down- 
E wards, the total vertical force on the block== 
60 x 980— 15 x 980—45 x 980 dyne. 
the force of friction opposing the 
motion=f;, =, x 45 x 980 dyne. 


60gm.wt. Hence from equation (4:6), 
Ta ai à mf 
or, 25:98 x 980— uy x 45 x 980—60 x 98 
Or, pp=044. 


Example 4:5, (a) What is the acceleration of a block sliding down an 
inclined plane of inclination 60°, the co-efficient of friction being 0'2? (b) What 
force acting parallel to the plane can just prevent the motion of the block of mass 
100 gm.? (c) What force parallel to the plane is required to keep the block 
moving up the plane at constant speed? [Take g—980 cm.[sec.?]. 


Solution: Refer to Fig. 48. 
(d) The normal reaction force N= W cos 60°=mg/?2 


frictional force Se=14N=0°2 x ME 0] mg. 
Downward ċomponent, along the plane, of the weight of the block 
=W sin 60°= Vong. 
If the body slides down with an acceleration fF 


mg —01 mg=mf 
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or, f= (3-o 1 je-7507 cm. /sec.? 


| (b) To prevent motion, an upward force P along the plane and equal to the 
| downward force mf, must be applied on the block. 


P- V mg 01 mg 
=0°766 x 100 x 980 dyne-76:6 gm. wt. 

(c) Since force of friction always opposes the motion, in this case of motion 
up the plane, friction acts down the plane. Since the block has no acceleration, 
ll the applied upward force P must be equal to the total downward force along the 

| plane. 

| <. P=mg sin 60? +f, d 

| =V mg+0-Img=0:966 x 100 x980 dyne 
—96:6 gm. wt. 


Example 4:6. 4 block A of 10 kg is pulled along a table, by a light inex- 
tensible string passing over a weightless pulley and carrying a load B of 4 kg at 


the other end. Find the tension in the string and the acceleration of the system. 


| | Neglect the friction in the pulley and the friction between block A and the table, 


Solve the problem if the co-efficient of kinetic friction between the block A 
andthe table be 0:1 [Take g=980 em.|sec.?]. 


Solution ; Let T be the tension in the string and « be the acceleration of 
the system. 
ist part : Net force acting on the system= 
mass x acceleration of the system 
or, 4x10? x980—T--T 
=(10+4) x 10? x « T 
«.—280 cm./sec.? 
Again, net force acting on B—mass x accelera- 
tion of B. 
or, 4x 10? x 980—T=4 x 10? x 280 4Kg.wt. 
T—2:8x108 dyne 
Or, net force acting on 4—mass x acceleration of A 
or, T—10x10?x 280—2-8 x 108 dyne 


T 


f T 4 2nd part: Retarding force of friction on 
2 the block A is 


fy—0 1x 10x 109x 980. dyne 9:8 x 105 dyne 
Now, net force acting on the system— 

mass x acceleration of the system, 
or, 4 x 10* x 980— T-- T—9:8 x 105 
=(10+-4) x 108 x « 


4Kg.wt, s. &=210 cm,/sec.4 


Again, net force acting on B=mass x acceleration of B. 
or, 4x 109x 980—T—4 x 108x210 
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T=3:08 x 108 dyne 
Or, net force acting on A=mass x acceleration of A 
or, T—9:8x105—10x 108 x 210 
T=3-08 x 10° dyne. 


47. Rolling Friction, 


When a body rolls on another, one or both of them are usually deformed at the 
place of contact. In the case of a hard wheel rolling over a soft road, the 
deformation of the road's surface is clearly visible [Fig. 4-9 (a)]. The weight of the 
wheel depresses the surface at the place of contact and a mound develops in front 


T 


(4) 
Fig. 4-9 : Origin of rolling friction 


ofthe wheel. Asa result, the applied force always pull the wheel over a minute 
hill developed in the ground. On the other hand, ifa soft wheel moves over a 
hard road, the road continually pushes the wheel out of shape [Fig. 4-9(b)]. The 
tires of a heavy vehicle get deformed at the. place of contact with the road. In 
general, both of these effects are present, which give rise to rolling friction, 
Obviously, the force of rolling friction will be smaller, the harder the surfaces. 
` As mentioned earlier rolling friction is much smaller than sliding friction. 
The same equation also holds for rolling friction but the co-efficients are excee- 
dingly small. Thus 
f,—N us pr (4:8) 
where f,—the force of rolling friction, 
N=the normal reaction between the surfaces, 
I, —co-cflicient of rolling friction. 
The force of rollin 


g friction is found to vary inversely as the radius of 
the roller. 


Some values of the coefficients are given in the following table : 


Cast iron on rails 


Rubber tires on concrete | 0:03 


Ball Bearing on steel 
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Pushing or pulling a roller : Pushing a roller is found to be more difficult 
than pulling it. As the roller is pushed with a force P, its vertical component acts 
downwards increasing the normal 
pressure on the ground [Fig. 4-10]. 
Hence the normal reaction by the 
ground also increases and therefore 
the frictional force opposing the 
motion increases proportionally. 
If, however, the roller is pulled 
with the same force P, the vertical 
component of P acts upwards, - 
thereby decreasing the ` effective Fi. 410 
normal pressure. The opposing frictional force thus also deereases. Pulling 
a roller is, therefore, easier than pushing it. 


4:8. Methods of minimising friction. 


Several methods of reducing friction are incommon use. This is important 
from the view point of manufacturing or operating machineries. One or more of 
the following methods are adopted : . ; 

(i) Polishing the bearings: The contact surfaces of moving parts are polished 
toa high degree. A hard material is selected, so that it does not wear away 
rapidly. e : : 

(ii) Using’ antifriction metals: When steel slides over an alloy of lead 
and antimony, the co-efficient of friction is less than when steel slides on steel. 
The alloy is known as antifriction metal. The process is called babbitting, 
after the inventor Babbitt. Bearings are packed with this alloy. 


Fig. 411 : Ball Bearing Fig. 412: Lubricated piston 


(iii) Using ball bearings or roller bearings: The fact that rolling friction 
is much less than sliding friction is employed. In ball bearings, a number of hard 
steel balls are placed loosely in a metal case round the shaft (Fig. 411). With the 
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rotation of the shaft, the balls also roll in the groove, called a ‘race’. There is 
thus little or no possibility of sliding. 

In roller bearings, instead of balls, a number of metal rollers are placed, 
principle of operation remaining the same. 


(iv) Using a Lubricant : Fluid friction, which has a much less value, is 
substituted for solid friction. The surfaces moving across each other are lubricated 
with oil so that a very thin film of oil exists between them [Fig. 4:12]. The oil is 
known as lubricant. Common lubricarts are oils, grease, graphite and wax. 


i € EXERCISE © 
[A] Essay type questions 


1. Name several types of mechanism in which friction is essential for proper operation, 
` What becomes of the energy expanded against friction? ‘The operation ina leathe machine 
is impossible unless lubricants are used’—Explain the statement, 
2. Define (i) Sliding and Tolling friction (ii) Static and kinetic friction. Deduce the 
equation of motion of a body on a rough surface. 
3. State the laws of static friction. Define Coefficient of static friction. Establish the 
relation between the angle of repose and the coefficient of friction, 
4. What is friction ? Explain why the force of friction i 
reaction. Define angle of friction and angle of repose, 
5. Write a short account of ——(i) Limiting friction 
Write briefly the methods of minimising friction, 


6. What is the difference between coefficient of Static friction and coefficient of kinetic 


friction ? 

A body is placed on a plane inclined at an angle 0 with the horizontal, Show that the body 
can not remain at rest on the inclined plane if 6—tan- u where u is the Coefficient of static 
friction. 


[B] Short answer type questions 
M l. ‘Often friction is Very. useful but in many other cases friction is a disadvan tage',— 
scuss. 


2. Unless a Special heat shielf is used in a space eraft, the astronaut can never be return- 
ed back alive, Why it is so 7 


3. ‘A block is placed on a horizontal table and is pulled weakly bya String but it does 
not move'—How do you explain it ? 
4. ʻA man can not walk in the absence of friction'—Explain, 


5. 'Whena person walks on a rough surface, the frictional force exerted by the surface 
on the person is Opposite to the direction of his motion'—Is the Statement true? Give Teasons 


in brief, [Z L T.'81] 
ilip dus ba Mould one take short steps rather than the long ones when walking on ice or on 


7. ‘Pulling a roller is easer than 


i lined shape, Why ? 
why? To shift a drum of Pitch from one Place to Other, it is easier to roll it than pull it, 
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11. ‘Friction is a self-adjusting force’—Explain. 
12. In the absence of friction, a nail can’t be fixed on the wall of a room’.—Is the state- 
ment true? Explain in brief. 


13, à A block is placed on an inclined plane whose inclination is very small. On gradually 


Why ? 
15. Why wheels are used in carriages ? 


17. Youare marooned on a frictionless horizontal plane and cannot exert any horizontal 
force by pushing against the surface. How would you get off by (i) jumping (ii) rolling your 
body or (iii) sneezing ? Explain you answer, 


[C] Simple Problems 


l. A boy pushes a box Testing on a horizontal floor with a force of 5 kg. wt., but does 
not move it. What frictional force is called into play ? [ Ans. 5 kg. wt. ] 
2. A 50 kg. block rests on a horizontal floor. A minimum horizontal force of 22 kg. wt. 
is required to start it in motion and a minimum horizontal force of 18 kg. wt. keeps the 
block moving with uniform speed. Find (a) the co-efficient of static and kinetic friction 


surfaces. Given, p,=0'25. [ Ans. (a) 800 gm. (5) 800 gm. wt. ] 
5. A block of mass 50 gm. can slide on a rough horizontal Surface, the co-efficient of 
friction between the block and the surface being 0:6. Find the least force of pull which acting 
on the block at an angle of 30° to the upward drawn vertical, will cause the block to slide, ' 
[ Ans. 2943 gm. wt. ] 
6. A 10 kg. body is Pulled 5 m. along a floor at constant speed. If the co-efficient of 
kinetic friction-is 0:2, calculate the horizontal force required and the work done. 
[ Ans, 2 kg. wt. ; 98 Joule ] 
7. A 50 kg. body rests on a rough horizontal floor, A horizontal force of 20 kg. wt. acts 
on the block for 5 sec, Calculate the velocity of the block at the end of 5 sec, The co-efficient 
Of kinetic friction between the block and the floor is 0°25. [ Ans, 7:35 m./sec ] 
8. A stone pushed over the floor with the velocity 2 m./sec, slides over a distance of 5 m. 
before it stops, Find the co-efficient of friction between the stone and the floor. [ Ans. 0:041 ] 
9. A200 kg. sledge is drawn along a rough horizontal floor by a 100 kg. wt. force making 
an angle 30° above the floor. . How far will the sledge move from rest in 10 sec, Given 
Hk 0:2, - [ Ans, 138:67 m. ] 
10. A body weighing 100 gm. is pulled through 10 m, along a horizontal surface for which 
the co-efficient of kinetic friction is 0:45. The applied force is 50 gm. wt, directed 30° above 
the horizontal. Calculate its velocity at the end of the journey if it starts from Test, 
[ Ans. 4:33 m,/sec, 
11. A body placed on a horizontal plank just starts to slide when the plank is tilted 
upwards to an inclination of 15°, It keeps moving down without acceleration, if the angle is 
then lowered to 12°. Find the co-efficients of static friction and kinetic friction from the 
above data. [ Ans. 40°27 ; uy 021] 
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12, What is the acceleration of a block sliding down a 30° incline, the co-efficient of 
friction being 0:2. [ Ans. 320:3 cm.[sec.? ] 
13. What force parallel to an inclined plane of height 3 m. and base 4 m. can just 
support a block of mass 500 gm. on the plane? The co-efficient of friction —0-25. 
[ Ans. 200 gm. wt. ] 
14. A 50 kg. block rests on a rough plane inclined at 30° with the horizontal. Calculate 
the force parallel to the plane required to keep the block moving up the plane at constant 
speed. Given uy —0725. [ An5.:35:82 kg. wt. ] 
15. Ifa force of 10 kg. wt. parallel to a plane of inclination 60° is required to keep a 
10 kg. block moving up the plane with constant speed, find the co-efficient of kinetic friction. 
, [ Ans. 0:27 ] 
16. A block weighing 100 kg. is placed on an inclined plane of height 6 m, and base 8 m. 
The co-efficient of friction is 0-3. (a) Would the block slide down the plane due to its own 
weight ? If so, how far it will move in 1 sec. starting from rest? (b) What force parallel 
to the plane must be applied to just support the block on the plane ? (c) What force parallel 
to the inclined plane is required to keep the block moving up the plane at constant velocity ? 
(d) If an upward force of 94 kg. wt. parallel to the plane is applied to the block what will be 
its acceleration? (e) How far will the block move in 1 sec. starting from rest ? (f) What 
will happen ifan upward force of 50 kg. wt. parallel to the plane is applied ? (g) If an 
upward force of 26 kg. wt. parallel to the plane is applied what will happen ? (h) How far 
will the block move in 1 sec. starting from rest ? 


[ Ans. (a) Yes, 176'4cm. (b) 36kg.wt. (c) 84 kg. wt. (d) 98 cm./sec.* upwards. 
(e) 49cm. (f) remains at rest, (g) slides down with acceleration 98 cm./sec.? (h) 49 cm. ] 


17. A body is placed on a plane inclined at 45° with the horizontal. Starting from rest, 
the body acquired a velocity of 2 m./sec. after sliding through a distance of 36:4 cm. Find 
the co-efficient of friction between the body and the plane. [ Ans. 0:21] 

18. A weightless pulley is attached to the edge of a horizontal table. A mass of 15 kg. 
is pulled along the table by a light inextensible string passing over the pulley and carrying 
another mass of 3 kg. at the other end. If the co-efficient of friction between the 15 kg. mass 
andthe table be 0-1, find (a) acceleration of the system, (b) the tension of the string. 
Neglect the friction in the pulley. [ Ans. (a) 81:67 cm.[sec.? (b) 2:595 x 108 dyne ] 

19. A rope so lies on a table that a part of it hangs over. When the length of the hanging 
part is 25 per cent of the entire length, the rope bégins to slide. Find the co-efficient of 


friction between the rope and the table. [ Ans. 0:33] 
20. A man holds a 2 kg. block from falling by pushingit horizontally against a vertical 
wall. If ws is 0:20, what force must he exert ? { Ans. 10 kg. wt.] 


21. Aman lifts a 16 kg. can of oil by pressing his two hands towards each other against 
the smooth sides. If the co-efficient of static friction is 025, what force must he apply with 
each hand ? [ Ans. 64 kg. wt.] 

22. The minimum force required to move a block up a rough plane inclined at a angle of 
30? to the horizontal was found to be five times the minimum force needed to move the block 
down the plane. If the forces act parallel to the plane, find the co-efficient of friction between 
the plane and'the block. [ Ans. 0:866 ] 

23. A man weighs 70 kg. What is the greatest weight he can pull along a horizontal 
floor by a horizontal rope if the co-efficient of friction between his shoe soles and the floor 
is 0:4 and that between the weight and the floor is 0'35? Calculate also the tension in the 
rope in this case. [ Ans. 80 kg ; 2744 N ] 

(Hints: Force of friction on the man causes him to move forward ) 


24. A block of mass 1 kg. lies on a horizontal surface in a truck. The co-efficient of 
static friction between the block and the surface is 0'6. If the acceleration of the truck is 
5 in,[sec.?, find the frictional force acting on the block. [ Ans. 5N ] 


A€—————— 
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[D] Harder Problema 


1. The driver of a train "applied brakes and the speed of the train changed uniformly 
from 47:5 km./hr. to 30 km./hr. during the time of 3:3 sec. At what highest value of the 


rack during retardation, [ Ans. 0:315 ] 


2. A tram-car moves with the acceleration of 49 cm./sec.? Find the co-efficient of friction 
if 50 per cent of the motor power is spent to overcome the frictional forces and 50 per cent. to 
increase the speed. [ Ans. 0:05 ] 

3. A block is Projected up a plane inclined at 30° to the horizontal. It Teturns to its 
starting point with 3 of its initial velocity. Calculate the. co-efficient of kinetic friction 
between the block and the plane. [ Ans. 0:4619 ] 

4. Acar weighs 1000 kg. Its driver begins to brake it 25 m. from an obstacle on the 
road. The force of friction of the brake shoes is constant and equal to 3°40 newton. What 
isthe maximum speed from which the car be stopped just before the obstacle ? Neglect the 
friction of the wheels against the road. [ Ans. 49:9 km./hr. ] 

5. Acart weighing 20 kg. can roll without friction on a horizontal path. A box weigh- 
ing 2 kg. rests on the cart. The co-efficient of friction between the box and the cart is 0:25. 
A force of 200 gm. wt. is applied to the box in horizontal direction parallel to the path. Find 
(a) the acceleration of the box and that of the cart, (b) the force of friction between the box 
and the cart, 

Also, solve the problem when the force applied is 2 kg. wt. 
[ Aas, 1st part : (a) Acceleration of the System—8:9 cm./sec.* (b) 181-8 gm. wt. 


2nd part : (a) Acceleration of the box—7-35 m./sec.*, of cart=0-24 m./sec.*, (b) 0:5 
kg. wt. ] 


6. A skater weighing 70 kg.stands on ice. He throws a stone weighing 3 kg. with a 
velocity of 8 m./sec. ina horizontal direction. Find the distance through which the skater ` 


moves back. Given, py —0:02. [ Ans. 0:3 m. ] 


7. A tractor pulls a sledge on an icy road ata uniform speed of 15 km./hr. At what 
speed could the tractor pull the sledge over a concrete road if the power developed by the 
motor in both the cases be same. The co-efficient of friction between the sledge and the icy 
road— 0-01 and that between the sledge and the concrete road— 0:15. [ Ans. 1 km./hr, ] 


shell is fired in the direction of its motion, (c) it is moving with a velocity of 18 km./hr. and 
the shell is fired in the opposite direction, The co-efficient of friction between the trolley and 
the rails is 0:002. [ Ans. (a) 283-4 m. (b) 73775 (c) 1786 m. ] 


9. Two bodies 4 and B each weighing 1 kg. are 
linked by a thread which passes over a frictionless 
pulley as shown in the-Fig. (a) The body B is placed on 
an inclined plane forming an angle of 30° with the 
horizon. Find (a) the acceleration with which the 
bodies move, (b) the tension in the thread. Neglect 
the weight of the pulley and the friction between the 
body B and inclined plane. 

Also solve the problem if the co-efficient of friction between the body B and the inclined 
plane be 0:1. [ Ans, 1st part : (a) 245 m,/sec.* (b) 7-35 newton. and Part : (a) 2:026 m./sec.* 
(b) 7:774 newton ] 


Fig (a) Problem 9 
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10. Two inclined planes forming angles 30° and 45° with the horizon are hinged together 
as shown in Fig. (b). A weightless pulley is attached to the hinge. Two bodies A and Beach 
weighing 1 kg..are linked together by a rope 
passing over the pulley. Find (a) the accelera- 
tion of the system, (b) the tension of the rope. 
Neglect the friction in the pulley and the 
friction between the bodies 4 and B and the 
inclined planes. 

Solve the problem if the co-efficients of 
friction between the bodies 4 and B and the 
inclined planes are i; —44-— 0*1. 

[4ns. Ist. part : (a) 1*015 m./sec.? (b) 5:9 newton ; 
2nd part ; (a) 0:244 m./sec.? (b) 5°99 newton ] 

11. A weightless pulley is attached at the edge of a horizontal table. A load is suspended 
froma light inextensible thread which passes over the pulley and is attached to a block, 
whose mass is half that of the load, resting on the table. The load is released from rest and 
then stopped after it has failen 180 cm. The block comes to rest after sliding a total distance 
of 300 cm. Find'the co-efficient of kinetic friction between the block and the table. 

[ Ans. px=0'67 ] 

12. A hollow sphere has an internal radius of 1 m. At what maximum height from the 
bottom of the hollow sphere can a particle be supported by friction if the co-efficient of 
friction is 1/ y3 ? [ Ans. 13:4 cm. ] 

13. Two equal weights tied by a string are placed on two inclined planes equally rough. 
The planes have equal altitude and are placed back to back with inclination to the horizontal 
of 60° and 30° respectively. Show that the weights are on the point of sliding when p=2— y3. 

14. A block is laid gently on a horizontal conveyor belt moving at a speed of 5:5 m./sec. 
If the co-efficient of friction between the block and the belt is 0°45, find how far the block will 
move on the belt before coming to rest on it ? [ Ans, 3:43 m. ] 

15. A body is projected with a speed of 10 m./sec. up a plane inclined at tan- 4a to the 
horizontal. The co-efficient of friction between the body and the plane is 0°45. Find (a) the 
maximum distance travelled up the plane (b).velocity on reaching the point of projection and 
(c) time taken to reach the point of Projection, [4ns. (a) 4-65 m. (b) 8-27 m,/sec. (c) 2:05 sec] 

16. A block P of mass 3 kg. rests on another block Q of mass 7 kg. The co-efficient of 
friction between the blocks P and Q is 0:5. The block Q rests on a smooth ( frictionless ) 
horizontal table, 


(a) What is the maximum force that can be applied to block P so that both P and Q 
move without any relative motion ? 


(b) What is the maximum force that can be applied to the block Q so that both P and Q 
move without any relative motion ? 


(c) What is the force of friction between P and Q in case (a) ? 
(d) What is the force of friction between P and Q in case (b) ? 
[ Ans. (a) 14:7 N (b) 49:0 N (c) 10:29 N (d) 147 N] 


Fig. (b) Problem 10 


` 


5 DYNAMICS OF ROTATIONAL 
CHAPTER MOTION 


51. Rotational motion of a particle. 


As stated in article (2:3), the motion of a body may be translational, rotational 
or a combination of both. So far we have considered only translational motion 
With constant acceleration along a straight line. But in Nature, rotational motion 
is of much more common occurence than the translational one. The Motion of 
the earth and of the planets round the sun and also about their own axes, the 
motion of electrons round the nucleus ofan atom and the rotation of machine 
wheels etc. provide a few examples of rotational motion. 


particles and then summing over all such Particles. Our discussion will thus 
remain confined to the motion of a particle round a circle, 


52. Angular displacement. 


Let us consider a particle undergoing circular motion in the plane of the paper, 
particle at any instant ¢ will be completely 
Specified by the angle @ made by the radius OP 


O being the centre of the described circle. 
Hence, the axis of- rotation will be a line 3 sane R 
Passing through O and perpendicular to the / ^ S 
8 
ANo 
O i 
with some direction OY fixed in space. OX 
is called the reference line, and the angle 0, the : ; 
7 : . 5:1 lar displ t 
angular displacement of the particle, time Fig. 5:1 Angular displacemen 


Plane of the Fig. 5-1, The position P of the 
being counted fror the instant at which the particle crosses the reference line; 
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Thus the angular displacement of a particle undergoing circular motion, 
during a certain interval of time, is defined as the angle swept out by the radius 
during that interval. 

It is generally considered to be positive when the rotation is counter clockwise, 
and negative when clockwise. This displacement @ in circular motion corresponds 
to the displacement s in linear motion. 

Angular displacement is generally expressed in degress, in revolutions (l rev. 
=360°) or in radians (rad). In general, all angles are expressed in radian because 
this being a pure number leads to the simplification of the equations of motion. 
The relations among the different measures of angle are 

2m rad. —1 rev.— 360° 
: 1 rad.—57:3? (approx.) 

Expressed in radian measure, very simple relation exists between the angle 0 
and the length of the arc s traversed by the particle, viz. 

s . 
egies s en (5:1) 
where r is the radius of the circle. 


Example 5:1. The bob of a pendulum of length 90 cm. swings through a 
15 cm. arc. Find the angle 0, in radians and degrees, through which it swings. 
Solution : 


=$ (length of ar) 15 1 , 
(aa (11 pm 
D I80-- -30 
0-— ——. — ms0:552 
iiem 314 9:555; 


5:3. Angular velocity. 


The angular motion of a particle may be uniform or accelerated, similar to ' 


the case of linear motion. For non-uniform angular 
At motion, the average angular velocity of a particle, 


t denoted by w is defined as the ratio of the angular 
Ly \ x displacement to the elapsed time. The sign conven- 
tion is similar to that adopted for angular displace- 
ment. 
If the particle describes an angle A6 in a small 
interval of time At (Fig. 5'2), the average angular 
velocity during this small interval is given by 


zn A8 
or D ak xm (52) 
As the interval is made progressively smaller, then in the limit when At 
approaches zero, the average angular velocity over the interval equals the value 
at a particular instant Thus the instantaneous angular velocity w is the 


instantaneous rate of change of angular displacement and is given by 


Fig. 52: Angular velocity 


w=Lt AG 


At 
At>0 
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In calculus notation, this is written as 
o d? 
From now on, unless otherwise mentioned, the term angular velocity will 
mean the instantaneous angular velocity. 
Ifthe angular velocity remains constant, the particle is said to be executing 
uniform circular motion. For such uniform motion, if the angle described. be 9 
in time f, the angular velocity w is given by à 


6 
os. 
t 
or, O=wt "" san (5:4) 
This equation is analogous to the equation 


s=vt 
for uniform linear motion of a body. 

For a rigid body, any line drawn Perpendicular from any of its particles to the 
axis of rotation, rotates through the same angle in the same time. Thus the 
angular velocity is the same for all the particles and is therefore ‘a characteristic of 
the body as a whole. : 

The angular velocity is generally expressed in radian per second ; however, in 
engineering, a common practice is to express it in another unit, cailed the revolu- 
tion per minute (rpm.). 

Let T be the time in second for one complete revolution, called the time 


period. Then since in one complete revolution the angle described is 24 radian, 
we have from equation (5:4), 
22m 
css it = (5:5) 


Now, T gives the number of revolutions per Second, which is called the 
* 


frequency, and is denoted by the letter ‘n? 


w=2nn set um (5:6) 
If N be the number of revolutions per minute, then evidently + = a 
From eqn. 5:5, 
mco VENT y , 
w= ar. ripe Ar s (5:7) 


Example 5:2, 4 body executes 300 revolutions in 6 sec. Find its (i) frequency 
(ii) angular speed, (iii) time period and (iv) time required to turn through 60°. 


Solution ; . (i) Frequency, n=2$2—50 per sec, 
(ii) angular speed, w=2an—=2 x 3:14 x 50— 1007 rad./sec. 


ness ‘ 1 1 
(iii) time period, Tes m sec. 


(iv) '* 180°=m radian, .. 60° = = rad. 


Hence, the time required to turn through 60°= 78 hs sec. 
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Example 5:3. Calculate the angular speed of the earth around the sun 
assuming the orbit to be circular. Given, 1 year=365 days. 
Solution ; T=1 yr.=365 x 24x 60x60 sec. 
Die 2x314 A. - 
o=- = —3653:94 x 60x 60 ^ 1:99 x 1077 rad./sec. 
5:4, Angular acceleration. 


Often a particle in circular motion speeds up or slows down; its angular 
velocity thus changes. When a particle suffers a change in angular velocity, it is 
said to have an angular acceleration. 


The average angular accleration of a particle in circular motion during 
a particular interval is defined as the rate of change of its angular velocity over 
that interval. 


Thus for a small interval of time At, if the change in angular velocity be Aw, 
the average angular acceleration is given by 


Sacr Aw : 
" TT P Es (5:8) 
In the limit, instantaneous angular acceleration is given by 
du Lt Aw 
At>0 “At 
In calculas notation, ce Am d (5:9) 
: d 
We have, from eqn. (5:3), w= E 
zu cdi do V |: dio 5. 
ROSE T als j= uy, ins (5:10) 


: Henceforth, unless otherwise mentioned, the term angular acceleration will 
imply the instantaneous value. 


The unit of angular acceleration is radian per second per second or simply 
rad|sec.* 

For a particle rotating with a constant angular acceleration, its instantaneous 
angular acceleration becomes equal to the average value computed over any 


interval. In this case, we have the simple relation «— 2, 


5:5. Angular velocity and angular acceleration as vectors. 


Like linear velocity and linear acceleration of a particle, the angular velocity 


and angular acceleration are also vector quantities. Both Possess magnitude as 
well as direction. 


i The vecter representing angular velocity ( or acceleration ) is drawn along the 
axis of rotation. Its length, in some arbitrary chosen scale, represents the magni- 
tude of the angular velocity (for acceleration). The sense of the vector is that in 
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which a right handed screw would advance when turned in the direction of the 
rotation of the particle [ Fig. 5:3 ]. 


Vector. representi 
angular velocity 7 


Advance 
Rotation 
-À 
[7 
Vector representi 
(2) (b) angular Velocity © (e 


Fig. 53: Vector representation of angular velocity and 
angular acceleration 


5:6. Relation between angular and linear velocity. 


For a particle executing circular motion, a very simple relationship exists 
between its angular velocity and linear velocity. For simplicity, we shall first 
assume that the particle is in uniform circular 
motion round a point O [Fig. 5'4]. Let the 
particle describe an arc of length s in time 
t, its angular displacement, measured from the 
reference line OX, being 0. Then ifr be the 
distance of the particle from the centre 
of rotation, 


s=r0 
where ô is expressed in radians. Fig, 54 


rô 


Hence the linear velocity is given by, vate 
But 2 is the angular ivelocity w. 


4 v eiua a ^ (5:11) 


For non-uniform motion in a circle, the above relation still holds good for the 
instantaneous values of the corresponding quantities. To show this, calculus 
method must be employed. Thus from equation (2*5), 


_ ds 
GET 
c * d. onc iw do : 
Since s=r6 ~ v= 007g [^ r remains constant ] 
-—ro from the equation ( 5:3 ) 


As discussed in the article ( 2-6 ), the linear velocity is always directed along 
the tangent to the path. To bring.ovt this point sharply, equation (5:11) is also 
written as 

Vr=rw A s (5:12) 
P-I/8 


A 
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In passing, we should note that the equation (5:12 ) is in effect a vector 
equation. The three quantities involved are all vector quantities. The equation 
then provides an example of the product of the vectors being itself a vector 
quantity. 

57. Relation between angular and linear acceleration. 

For accelerated motion in a circle, a simple relation between the angular and 
linear acceleration can be established considering only the change in the magnitude 
of the linear velocity. 

We know, linear velocity v —r«. Therefore, a small change in the linear 
velocity viz., Av is equal to a small change in ro, i.e., equal to r Ac, r being 
constant. If this small change takes place in a short time At, average linear 
acceleration during this short time is given by, 


f =A LpA 

dine an a7 

In the limit, when At is extremely small 
Viste w r in ds (5:13) 


where « is the angular acceleration. 


We should remember that this equation gives the magnitude of the linear 
acceleration along the path, i. e., the tangential component of the acceleration. 
Later on, we shall sec that there is an acceleration directed normal to the path. To 
differentiate between these two accelerations, the above equation is often written 
in the form. 

Sr=re oe (5:14) 

This equation should be compared with equations (5'1 )and (5'12). The 
similarity is more conspicuous when the equations are written together : 


s=r0 
TOI ats bos (5:15) 
m= 


Example 5:4. Calculate the angular speed of a car which rounds a curve of 
radius 8 m. at 50 km.|hr. 


Solution: Angular speed, o= 


where, linear speed, V sree m./sec. and radius, r= 


eX 1:74 rad. /sec. (approx), 

Example 5:5. The moon is 3:84 x 105 

revolution in 27:3 days. Find its angular 
. the orbit to be circular. 

Solution: T2273 days=27°3 x 24 X 60x 60 sec. 


zo 2r... 2x314 i 
=F XS X60x60 72:661 x 10* rad /sec. 
Vr=rw=3:84 x 105 x 2:661 x 107*—1:022 km./sec. 


km. from the earth and makes one 
and linear speed in its orbit. Assume 
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Example 5:6. A flywheel starts from rest and speeds up uniformly to 1200 
rpm in 20 sec. Calculate the angular acceleration in rad./sec.* and linear accele- 
ration in m.[sec?, of a point 75 cm. from the axis. 

Solution : Initial angular speed, «, —0. 

Final T Hm € — 1192 x2m—407 rad. sec. 
aw, „Wr 2 

; n 2 rad./sec. 

and linear acceleration, f—7r«—75 X 2m 
=1502 cm/sec.2= 1:5m m./sec.? 


Angular acceleration, «= 


5:8. Rotation with constant angular acceleration, 


The similarity of the expressions which define angular velocity and angular 
acceleration with those of linear velocity and linear acceleration is obvious.’ For 
uniformly accelerated angular motion, proceeding as in the article (2:10) for 
uniformly accelerated linear motion, we can establish the following relationships 
connecting the angular displacement 6, the angular velocity œ and the angular 
acceleration «. The relations are 


w=w, +t T 5% (5:16) 
=w, +4 hi n (5:17) 
9-u,*--2«0 oe ay (5:18) 


where, w, is the initial angular velocity, w is the final angular velocity, i.e., 
the angular velocity after a time f, « is the constant angular acceleration, and 0 is 
the angular displacement during the time f. 


Example 5-7. 4 body revolving with a constant augular acceleration 
3 rad./sec.® possesses an angular velocity 6 rad./sec. at an instant t=0. A line in 
the body is horizontal at the instant t=0. (i) Find the angle that line makes with 
the horizontal line at the instant t—4 sec. (ii) Also find the angular speed at the 
said instant. 


Solution : Here «=3 rad./sec?, w, =6 rad./sec., t—4 sec. 
(i) 6—o,t--Ex «026x441 x3x 4 
=48 radian— pete. 764 rev. 
m 


(ii) w=w,+<t=6+3 x 4=18 rad./sec. 
Alternatively, w=w,? --240—6* --2 x 3 x 48=324 rad.*/sec?. 
w=18 rad./sec. 


Example 5:8. A wheel rotating at 400 rpm increases its speed to 600 rpm 
in 4 sec. Calculate (a) the angular acceleration of the wheel and (b) the number 
of revolutions it makes in this time. 


Solution: 454,—400 rpm OX rad./sec. 
«600 rpm 200 xr 


rad./sec, "UA 
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w—w, 200x2w Sr 
RUPTA OxI 
ww? _ (wtw) (w—w,) = 1000 x 27 200 x2r x3 
is Em 2« T ND 60 2X5» 
2007r 


rad./sec.* 


rad. 


ERN a OON see 
No. of iiyolnnonse 3x2; 3 3 


5:9. Uniform Circular Motion: Centripetal Acceleration. 


Let us consider a particle moving in acircle with a uniform speed y. Its 
velocity, however, is not uniform because though the magnitude -of the | 


velocity remains the same, the direction being always tangential to the path, 
changes continually. The particle thus possesses an acceleration. This accelera- 
tion gives rise to a change in the direction of motion but not in speed. The 
direction of this acceleration should, therefore, always be normal to the path of 
the particle, i.e., towards the centre of the circular path. 


So we can formally define that 


A particle, moving in a circular path with uniform Speed, possesses an accelera- 
tion which is always directed towards the normal to the Path of the particle ie, 
towards the centre of the circle in which the particle moves. This acceleration 
is termed as the centripetal acceleration. 


The consequent change in the velocity 
AV is found by the triangle method of 
finding the difference of two vectors 
[Fig. 5:5 (5b). The vectors representing 
the velocities V; and v, are drawn from 
à common point OQ’ and the triangle is 


completed. 
From the triangle O'pq, v,4- AY —Y$ 
Hence, AVV, -v 
(a) (b) " Ec 
Since, the veloctity is always tangent 
Fig. 5-5 


to the circle and hence perpendicular to 
the radius connecting the Particle to the centre of the circle, the angle A0 
between the two radii in Fig. 55 (a) is the same as the angle between V; and v, in 
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Fig. 5°5 (b). The isosceles triangles OPQ and O'pq are therefore similar. Hence 
considering the magnitudes, 
p4 _chord PQ 
O'p PO 
Av LL AI 
Wo, 
The averg~e acceleration is therefore given by 
hes - 
gn AV VAL y 4 (5 
At rAt ds 19) 
In the limit when Af is vanishingly small, the chord A/ joining P and Q 
becomes indistinguishable from As, the arc of the circle between these two points, 
The. magnitude of the instantaneous acceleration at P is then given by 
a Lt Av_vit As 
$ACROAD r AIA 
Lt As 
At— At 


or, 


But E 


y? 
Hence, giu, t TE (5:20) 


Since v=wr, where o is the angular velocity of the particle, 
a=o'*r eae Er (5:21) 

Since acceleration is obtained by dividing the change in velocity by the time 
interval, a scalar, the direction of acceleration must be the same as AV. But as 
the time interval is made infinitesimally small, in the Fig. 3:5(b), A8 approaches 
zero and Av becomes more nearly perpendicular to v. Therefore in the limit 
as N0—O, Av is directed towards the centre of the circle. Hence the acceleration 
is also directed towards the centre of the circle. : 

Thus as a particle moves in a.circular path, itis always subjected to an accele- 
ration at right anglesto its velocity i.e., the acceleration is directed towards the 
centre of the circle. The equation (5:20) shows that this centripetal acceleration 
increases as the speed is increased and fora given speed, it is greater for a shorter 
radius, 


5'10. Centripetal force. 

According to Newton's first law of motion, a moving body, because of its 
inertia, should exhibit its natural tendency to move in a straight line with uniform 
velocity. This means that the direction of motion cannot change unlessa force 
is impressed on the body. Thus, it is obvious that for a body undergoing circular 
motion in which its direction of motion continuously changes, some force-must be 
acting on it. 

In the last article, we have seen that when a body of mass m moves in a 
circle of radius r with a velocity y, it is always subjected to an acceleration 


at directed towards the centre. From Newton’s 2nd law, a force must be acting 
r 
on the hody to produce this acceleration. This force is obviously directed towards 
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Now, since the centripetal force acts at right-angles to the direct. of motion, 
there is no displacement in the direction of the centripetal force ; the centripetal 
force, therefore, does not perform any work. Centripetal force is thus a ‘no-work 
Jorce’ [vide Art. 7:1]. : 

It should be borne in mind that when an object is seen to move in a circular 
path, a centripetal force is always exerted on the object by an external agency, 
The rotating object, in turn, exerts an equal and opposite reaction force on the 


centre of the circle and is called the centrifugal reaction (Lat., Jugo, to fly), 

Let us consider the very common example of a Stone tied to a string being 
Whirled round a circular path [Fig. 56]. The Stone is always acted upon by a 
centripetal force Fo which is Supplied by the 
tension in the string. If the string suddenly snaps, 
Fo ceases to act and the stone flies off in a direction 


the stone rotates, it applies an equal and opposite 
centrifugal reaction, Fr, which is felt by the man 
as an outward pull on his hand. Like any other 
action-reaction pair, F, and Fr do not act on 
the same body, but on two different ones— 


Fig. 5:6: Centripetal force here action ori the stone and reaction „on the 
and centrifugal reaction hand respectively. Both the forces. disappear 


the nucleus and the electrons provides the required cent 
Car takes a bend on a level road, the centripetal force 
between the tires and the road, 


going straight to the 


sun ?". Apparently there is another force acting on the carth away from the sun, 
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equal and opposite to the attraction of the sun. This apparently existent force 
is called centrifugal force. The centrifugal force is thus equal and opposite to 
the centripetal force. It must, however, be clearly understood that the 
existence of the centrifugal force is only apparent. The centripetal force is 
not actually counter-balanced by any real force. 

A body rotating ina circular path tends to fly off 
tangentially, as is obvious from the fact that as 
soon as the string whirling a stone snaps, the stone 
flies off in a tangential direction. Let us suppose that 
at any instant a body in’ its circular path is at some 
point A [Fig. 5:7]. If there were no centripetal force 
towards the centre O, after a short time the body would Fig. 57 
have gone to B along the tangent. But due to the force 
acting on it towards O, it moves somewhat towards O, so that its final position 
is at C on the circular path. This occurs at every instant and the body is 
constrained to move in a circular path. The effect of the centripetal force is 
thus always present. This force is not counter-balanced by any other real 
force. The centrifugal force is thus only apparent. It is therefore called 
a pseudo-force (pseudo means fictitious). 


We may now define the centrifugal force as one which is equal and opposite 
to the centripetal force, acting radially outwards on a body rotating ina circle. 
This force should not be confused with the centrifugal reaction discussed earlier. 
Centrifugal force is not the reaction to the centripetal force as action and 
reaction cannot act on the same body. Its magnitude is equal to that of the 
centripetal force i.e., mv?/r or mro*.. 


5:12. Demonstration Experiments. 


(1) A lighted candle protected from air currents by a lamp chimney is placed 
on a revolving table at some distanc> from the axis. The flame will be found to 
point towards the centre of the table [Fig. 5:8]. 


Fig. 5:8 


(2) A bent glass tube is partly filled up with water. Two balls, one of 
aluminium and the other of cork, are placed inside it and the tube is sealed. The 
cork floats in one arm while the aluminium rests at the bottom. [Fig. 5:9]. But 
when the tube is revolved, the aluminium is thrown to the outer end of one arm, 
while the cork floats on the under side of the water in the other arm. 
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(3) A long piece of tin or aluminium is taken and is then bent to form a track 
of the shape shown in the Fig. 5:10. A ball is rolled down the track from on- 


(a) 


Fig. 510 
side. If it possesses sufficient velocity, it will be 
found to describe the complete path around the i 
loop without falling down. The centrifugal force | 
ž 


balances its weight. The ball loops the loop. An 
analogous simple experiment is to rotate a glass or a 
bucket of water in a vertical plane without spilling it. 

(4) To the lower part of a rod four thin metallic E 
strips are fixed. The other ends of the strips are 
fixed to a collar which can slide up and down the (b) 
rod [Fig. 5:11(a)]. Fig. 5:11 


As the rod is rotated rapidly each particle of the strips experiences a centrifu- 
gal force. As a result, the collar slides down and the strips get deformed, bulg- 
ing out inthe middle [Fig. 5:11(b). This experiment demonstrates why the 
earth is not a perfect sphere, but an oblate spheroid, i.e., a slight flattened sphere. 
This has been discussed in detail later on. 


5:13. Practical illustrations. 


(1) Banking of roads: Let us consider a car moving round a bend in the 
road. On alevel road, the centripetal force necessary for effecting the turn is 
supplied only through friction between the wheels and the road. Since the 
magnitude of such frictional force is small, friction may become unable to 
supply the large centripetal force necessary when the car rounds the curve 
with a high speed. The car then skids off the road. If the road is banked 
at the curve, i.e., if the plane of the road is kept inclined to the horizontal at 
the bends, the slope being inwards towards the ‘centre of the curve, a part 
of the necessary centripetal force is then supplied by the horizontal component 
of the reaction of the surface, the remaining being still supplied by friction. 
For a proper angle of banking, this horizontal component of the reaction 
provides the necessary centripetal force; frictional force is then no longer 


necessary. 
The forces acting in that case is the reaction R of the road acting normal to 


the surface and the weight W of the car directed vertically downwards [Fig. 5:12]. 
If 0 isthe angle ofinclination ofthe road bed with the horizontal, called the 


DYNAMICS OF ROTATIONAL MOTION 109 


angle of banking, then the horizontal component of R i.e., R sin 6 supplies the 
necessary centripetal force, while its vertical component R cos @ balances the 
weight. If r be the radius of curvature of the track 

atthat point and m be the mass ofthe car having R AReos? 

a speed v, i 


R sin 9=™ 
r 


R cos 0— W=mg 
1 
Dividing, ^ tanó ae Og acd (0122) 
which gives the proper angle of banking. Since 
this depends upon v,a road can be ideally banked 
only for one speed. At any higher speed the force of 
friction must be depended upon to prevent skidding. 


Fig. 5:12. : Banking of roads 


All the modern highways are now banked at the curves to prevent the cars 
from skidding out of the road. The railway tracks are also banked at the bends, 
the outer rail being kept at a greater elevation than the inner one. The ideal speed 

proper to the banking is always specified and the 
Rosé drivers are always warned not to exceed this speed 
P limit to minimise the chance of accident. 
A 


A) The case of a cyclist rounding a curve may also 
i >Rsing be similarly treated. While taking the turn, the 

cyclist always leans inwards instinctively (Fig. 5:13). 
The cyclist thus presses the ground obliquely and 
the reaction of the ground is, therefore, inclined 
to the horizon. The horizontal component of the 
reaction provides the necessary centripetal force. 
Proceeding as above, the proper angle through 
which he must lean inwards from the vertical in 
Fig. 5113: Cyclist rounding order to keep his balance, will be seen to be 

a curve given by ! 


3 
tan a 


rg 


Similar instinctive inward leaning to obtain the necessary centripetal force is 
also observed in the éase of a man running around a curve. 


OOS AMER TSS c ione P ETE Saeed eee 

* Asa cyclist leans inwards while rounding a curve, he is prevented from slipping by 
the friction of the road. If the coefficient of friction between the tyre and the ground be u, 
then the maximum possible value of R sin 8 is umg. If the cyclist leans inwards further, he 
will slip, So, for no slipping 


Li 
pmg> Rsind, ie. umg Ms 


»* " 
Or, p> — Or, »*—yurg 
rg 
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(2) Motion of the planets: As the planets describe orbital motion around 
the sun, the centripetal force necessary to keep them in motion is supplied by the 
gravitational force of attraction exerted by the sun on the planets. 

(3) Flattening of the earth: The earth, we know, is not a perfect sphere, 
but is slightly flattened at the poles, bulging out at the equator. The earth is an 
oblate spheriod. This can be explained as due to the action of the centrifugal 
force caused by the spinning motion of the earth around its axis passing through 
the poles. The force is thus maximum at the equator and decreasing gradually, 
it completely vanishes at the poles. Since at the time of formation, the earth 
was in a fluid state, the force of cohesion was small and could not balance the 
centrifugal force. Hence the earth bulged out at the equator. 


(4) Speed governor: Invented by James Watt, this device is used for 
automatically regulating the speed of an engine. It consists of a spindle § which 
rotates with the shaft of the flywheel of the 
engine [Fig. 5:14]. Two heavy metal balls 
M, M connected to two arms, hinged at the ` 
top of the spindle. Two metal strips L, L 
called links, connect the arms with a collar 
C which can move up and down along the 
spindle. As the speed of the engine increases, 
the spindle rotates more and more speedily and 
the balls move further apart due to increase in 
the centrifugal force. The collar thus moves up 
and, in turn, operates a valve with which it is 
connected. The valve decreases the flow of 
steam and hence the speed of the engine 


diminishes. The reverse occurs when the engine begins to slow down. 


(5) Centrifuge: This instrument is used to Separate minute suspended 
particles of different densities in a liquid. In essence, it simply consists of a vessel 
which can revolve with a high speed. If the vessel is filled up with the liquid 
and set into rotation, the particles will experience a centrifugal force, the magni- 
tude of which increases with their masses. Hence after a certain interval heavier 
particles will be found to be congregated near the outer wall of the vessel and the 
lighter ones near the wall closer to the centre, whence they can be separated, 
It is extensively used in research laboratories for separating out microscopic 
particles like viruses, hormones etc. from the solutions. This principle is also 
used in a cream separator. 

The same principle is utilised in a drying machine. The wet clothes are 
placed inside a drum whose walls are perforated. When the drum is rotated 
rapidly round its axis, the clothes get pressed against the wall under the action 
of the centrifugal force but the water particles are flung out of the drum through 
the perforations. Consequently, the clothes dry up within a short time. 


Example 5:9. 4 body of mass 2:5 kg. is moving in circle of radius 20 cm. at 
angular speed 3 rps. Calculate (i) the centripetal acceleration and (ii) centripetal 
force acting on the body. 


Fig. 5:14 ; Speed governor 
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Solution: Here, w=3 rps=3 x 2m rad./sec., r=20 cm. 
Centripetal acceleration, f,=w*r 
=(3 x 27)? x 20 cm./sec.* 
=720n? cm./sec?. 
Centripetal force, F,=mo*r 
—2:5 x 10?» 7207? dyne 
—17:75 x 108 dyne 
—177:5 newton. 
Example 5-10. An artificial satellite revolves round the earth ina. circular 
orbit of radius 7000 km. Its period of revolution is 2 hours. What is its centri- 
petal acceleration? ` 


2 
Solution : The centripetal acceleration f=} 
r 


If T be the period of revolution, then T= t. 
mro Amp o 4$*x 7000x105 pao, í 
LE A (2x 3600)" — 2 5 cm./sec’ " 


Example 5:11. A stone of mass 100 gm. is swung in a horizontal circle at. 
the end of a string 50 cm. long. Find the maximum angular speed at whi^h it 
can swing if the cord can sustain a tension of 10 kg. wt. Find also the number 
of revolutions per minute executed by the stone. 


Solution : Let w be the maximum angular speed in rad./sec. 
Now, tension in the string—centripetal force i 
10x 108 x 980—100 x w? x 50 
2_ 10x 10? x 980 
WZ 
100 x 50 


w=4427 rad./sec. 
If N be number of revolutions per minute, then 


or, —2 x 980 


0-27 — 


60 
or, N=30X4427 493 
m 


Example 5:12. A 2 kg. ball is swung in a vertical circle with a constant an- 
gular speed of 60 r. p. m. by means of a wire of length 50 cm. Find the tensions 
in the wire (a) at the top and (b) at the bottom of the circle. 
60 x 2r 
a 


Solution: m=2 kg. ; r=50 cm.—0:5 m. ; w= =2r rad./sec. 


(a) At the top, two radially inward forces are acting on the ball : (i) its weight 
and (ii) the tension T, in the wire. The resultant of these two forces provides the 
centripetal force required to keep the ball in the circular path. : 

T, -mg- mo?r 
or, T,—mo!r—mg-2(47? x 0:5—9:8)—19:84 newton. 
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(b) Atthe bottom, the weight and the tension T; act in opposite direction 

the direction of the latter being towards the centre. 
Ty— mg —mo*r 

or, T,—mo'r-F mg-2(4s* x 0:5-- 9-8)—59:04 newton. 

Example 5:13. A ball of mass 1 kg. is whirled in a vertical circle bv means 
of a rope of length 20 cm. (a) Calculate the minimum speed of the ball at the top 
of the circle in order that the rope does not slacken. (b) What would be its Speed 
at the bottom of the circle if it has the above minimum speed at the uppermost 
point? — Calculate also the tension in the rope at this stage. 


Solution : (a) The rope just slackens when T,—0, i.e., when mg-—me?r— 


2 ras LH 
DU where vy, isthe minimum speed of the ball at the top of the circle so that 
r 


the rope does not slacken. 


y, 4/ gr —4/980 x 20—140 cm./sec. 

(b) In moving from the bottom to the top of the circle, the ball rises through 

a height 2r. 

Now, K. E. at the bottom —K.E. at the top+gain in P. E. ( vide Art. 7:9 ) 

So if v, be the required velocity at the bottom of the circle, then 
dy! mv? - mg.2rz gm.gr-4- 2mgr 
Wo gro /5 v= 4/5 x 140—313 cm./sec. 

Tension in the rope is given by, 


2 
T,— T +mg= 8 eg mg=6 kg. wt. 


Example 5:14. 4 small bob of mass 1 gm. is attached to one end ofa string 
20 cm. long, the other end of the String being fixed to a point O. The bob is so 
projecled that it describes a horizontal circle of 
radius AB—r about a point A vertically under O. 
Calculate the speed of the bob if the string makes an 
angle of 45° with the vertical. 


Solution: From the figure, the forces acting 
on the bob are (i) its weight mg and (ii) the tension 
T in the string. The vertical component of tension 
must balance its weight while the horizontal compo- 
nent of tension supplies the necessary centripetal 
force. 


a 
T cos 45^— mg ; T sin 450 


ii 4M or yA ie tera 
rg 
But r=20 sin 45°=104/2 cm. 
ye4/104/2. 980,1=198 cm./sec. (approx.). 
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Example 5-15. The bob of a simple pendulum: weighs m gm. It is deviated 
from its position of equilibrium through an angle « and then released. Find an 
expression for the tension of the thread at the moment the.bob passes through the 
position of equilibrium. 

Solution : Let / be the length of the pendu- 
lum in cm. Also let h cm. be the height of the 
bob at the deviated position from its position of 
equilibrium as shown in the figure. 

Let yv be the velocity of the bob of mass m 
when it passes through the equilibrium position. 

Since, K. E. of the bob at equilibrium 
position=its P. E. at the deflected position, we 
have, 


4m’?=mgh v. v= Jgh 
Again from figure, h=/—/ cos «—1 (1—cos«). 


D 
At the equilibrium position, the tension of the thread is given by T=mg+m—- 


or, T=mg-+m. = 


—mg--2mg (1—cos 4)=mg (3—2 cos 4). 


Example 5:16. Find the maximum speed at which a car can round a curve of 
25 m. radius on a level road. Given that the co-efficient of friction between the 
tyres and road is 0:3 and g—980 cm.[sec.? 


Solution : Let w be the weight of the car. Hence, the maximum centripetal 
force supplied by friction is 0:3 w. 


Force of friction— Centripetal force. 
09w—m(lr) = yir ) 


where mass of the car mane 
y—4/0'3gr— 4/03 x 980 x 25 x 108 
—057 cm./sec. (approx)— 8:57 m./sec. 
Example 5:17. In‘a road having a curve of radius 35 m. a car has taken a 
turn at the speed of 45 km./hr. without depending on friction. What must be. the 
slope of the curve ? , 


Solution : We have, 


y=45 kam, fh. = 49X71 m/sec ; g=9°8 m./sec® ; r=35 m. 
from eqn. (5:22), 
tan 0— 7 = on eae 60) 0-455  .. 0= 245°, 
gr "Bx 
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514. Moment of a force about a point and about an axis ; Torque. 


, The effectiveness of a force in producing rotational motion depends not only 
upon its magnitude, but also on the position of the line of action of the force. This 
can be easily grasped if we consider a few familiar 
examples. A door rotates about the vertical axis passing 
through its hinges { Fig. 5:15]. It is a common 
experience that the door can be easily closed or opened 
ifwe apply the force, say F, normally at some point A 
near its outermost edge. Application of the same 
normal force F at some point B, nearer to the axis of 
rotation, does not produce the same effect. Thus, the 
effect of a given force upon the rotational motion of a 
body is greater, the farther the line of action of the force 
is from the axis of rotation. The distance of the line 
of action of the force, not its point of action, from the 
Fig. 515: Illustration of axis of rotation, is important ; this can be realised if we 
v concept of moment consider, in our previous example, the effect of a 

force F applied at C but in a direction towards the 

axis of rotation of the door. The line of action of the force then passes through 
the axis of rotation. No matter how much effort is given, the door will not rotate. 
A similar example is of turning a wheel, 

about an axis passing through its centre. A 
tangential force applied at a point A on 
the rim would easily produce rotation 
[ Fig. 5:16]; the same force applied at a 
point B near to the centre would produce 
smaller amount of motion. On applying 
the same force at the point C, no rotational 
motion can be produced ; the wheel wouid 
be simply lifted upward. The explanation of 
these observations, as in the previous : 
example, leads to the same conclusion that Fig. 5:16: Illustration of the concept 
i PRR 3 of moment of a force 
in considering rotatory motion of a body, 
not only the magnitude of the force but also the distance of its line of action from 
the axis of rotation is important. 


To measure the tendency of a force to produce rotation of a body, the concept 
of a new physical quantity, called the moment of the force or the torque produced 
by the force about a given point or an axis, is introduced. 


(a) The moment of a force or torque about a point : 

The moment of a force or the torque about a given point is defined as the 
product of the force and the perpendicular distance of the given point from the 
line of action of the force. This distance is called the force arm or the moment 
arm of the force about the point. The Fig. 5:17 shows a body capable of rotating 
about an axis passing through O and perpendicular to the plane of the paper. A 
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force F applied in the plane of the paper would cause it to turn about O in the 
direction shown. The moment of the force or torque produced is given by 
L=FxON=F xd me v (5:23) 
where d ON, ON being drawn from O at right 
angles to the line of action of F. Obviously, the 
moment would be zero, if either F or d is zero, 
ie. if the force vanishes or if its line of action 
passes through the point of rotation. This line of 
action of the force is a mere geometrical construc- 
tion. It may be extended indefinitely in either 
direction in order to meet the perpendicular ON 
[Fig. 5-18]. It has nothing to do with the length representing the force vector. 


Fig. 5:17: Moment of a force 


Moment of a force ( or 
torque) is usually designa- 
ted as. positive if it tends to 
produce counter clockwise 
rotation and as negative, if 
it tends to produce clock- 
Fig. 5-18 wise rotation. 


The unit of moment ( or torque ) involves both the units of force and length. 


"The unit is dyne-centimetre or gram-weight centimetre in the C. G. S. system ; 
poundal-feet or pound-weight feet in the F. P.S. system and newton-metre or 
kilogram-weight metre in M. K. S. system. 


Representation of moment ; 
In the Fig. 5:19, let the force F be represented completely by the line PQ. 
O is joined to P and Q.. Then moment of F about O 


-FxON—PQxON-—2AO0PQ. o o 
"Thus, twice the area of a triangle, y d "A 
obtained by joining the two exireme ʻ nS d ye / | 
points of the line representing a force pst E a oe iat 
to the point of rotation, gives the a ea a SAORA N 


moment of the force about that 
point. Fig. 5'19: Representation of moment 


The moment of any number of co-planar forces about a point : 

It can be shown that the moment of the resultant of a system of co-planer 
forces about any point is equal to the algebraic sum (i. e., with proper signs) of 
their individual moments about the same point. a 

Thus, ifa number of co-planar forces Fj Fe, Fs...... act on a body, dı, dy, d, 
TA being their respective moment arms about the point of rotation then 

Rxs—Fid- Fd Fada+ -—XFd Te di (5:24) 
where R is the resultant of the system of forces and s its moment arm about the 
same point. : 
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(b) Moment of a force or torque about an axis. 


In the case of a solid body rotating under the action of a number of forces 
acting at different points of the body, the conception of the moment of a force 
about a point is not applicable. We must then consider the moments of the 
forces about the axis of rotation. 


In many instances, the system of forces acting on the body lies in a plane 
perpendicular to the axis of rotation. The perpendicular distance of the line of 
action of a force from the point of intersection of the axis with the plane of the 
forces is called the force arm or moment arm of the force about the axis. The 

moment of a force or torque about the axis 
ji is defined as the product of the magnitude of 
VA the force and its force arm. It should be 
noted that in this case, the moments of the 
forces about the axis practically reduce to the 
moments of the forces about a point—the. point 
] where the axis intersects the plane of the 
S p^ se forces. Thus, in the Fig. 5:20, OZ represents the 
N is 1 axis of rotation, XOY being the plane normal 
LUN toit. Letus consider a force F;, whose line 
X of action lies in the plane XOY. From O, the 
Fig. 5:20: Moment of a force point of intersection of OZ with the plane 
wet dss XOY, we draw the normal ON on the line of 
action of Fi. The moment or torque L of this force about OZ is then given by, 
L=F,xON. 


In general, however, all the forces may not be confined in one plane. In that 
case, the moment of a force or torque about an axis is defined as the product of 
the magnitude of its component in a plane perpendicular to that axis and the 
perpendicular distance of the component from the point of intersection of the axis 
with the plane. The other component being parallel to the axis, does not produce 
any rotational effect about this axis. Its moment about the axis is obviously zero. 
In the Fig. 5:20, let F be a force that does not lie in the plane XOY. If F, be its 
component in the plane XOY, then from definition, the moment or torque L of 
the force F about OZ is given by L—F,x ON. Obviously, if 0 be the angle 
between the direction of the force F and that of the axis OZ, then F,—F sin 6. 
Hence, moment or torque of the force F about OZ, 


L-Fsin6xON ses ee (5:25) 
It is now obvious that, 


(i) The moment ofa force about an axis OZ remains unchanged when the 
force is shifted along its line of action or when itis shifted in a direction parallel 
to OZ ; 


(ii) the moment of a force about an axis OZ is zero if the line of action 
intersects OZ or is parallel to OZ. 
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Vector nature of the moment of a force or torque: So far we have not 
mentioned whether moment or torque is a vector or not. Close inspection, how- 
ever, makes it clear that moment 
or torque is not a scalar because Torque vector 
we must specify whether it is clock- Force ai 
wise or anticlockwise. Moment 
of a force or torque is thus a 
vector quantity. The direction of of? 
the vector is along the axis of f 
rotation in the sense shown in thc 
Fig. 5:21. The sense is given by Torque vector 
the direction of advancement of a 
right-handed screw if it is turned Fig. 521: Vector representation of torque 
in the direction of rotation. 


Example 5:18. A body of 5 kg. hangs at rest from a string wrapped around 
a wheel of diameter 10 cm. Calculate the torque about the axis of the wheel. 


Solution: Here F=5 x 10*x 980 dyne ; r—5 cm. 


Torque L- Fx r—5x10? x 980 x 5 
—245 x 105 dyne-cm. — 2:45 newton-m. 


5:115. Couple. 

Two equal and opposite parallel forces, whose lines of action do not coincide, 
forma couple. The Fig. 5:22 shows a couple consisting of two forces, cach of 
magnitude F. : 

F The resultant R of these two forces is 
R=F—F=0. This implies that a couple has no 
translatory effect on the body on which it acts. A 

A ENE OPENA, couple, however, produces rotation. It is interes- 

io) p B ting to note that a single force can never produce 

the same effect as the couple ; consequently, a 

single force balancing a couple can not be found. 

Thus, a couple. can be balanced only by another 

equal and opposite couple. 

The effect of a couple is measured by the moment or torque of the couple 
which is defined as the product of either of the forces forming the couple, and the 
perpendicular distance between their lines of action. 

This distance is called the arm of the couple. Thus the moment or torque of 
the couple, shown in Fig. 5:22 is, 

L—Fxp nts 

Let us consider any point O in the plane of the couple and draw OAB perpen- 
dicular to the lines of action of the forces. Then the algebraic sum (considering 
sign) of the moments of the forces about O—Fx OB—F x OA—Fx( OB—OA) 
=FxAB=Fxp=moment of the couple. Since O is an arbitrary point, the 


P-I/9 


Fig. 5:22: Couple 


(5:26) 
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torque of the couple is given by the algebraic sum of the torques of the individual 
force about any point in the plane of the couple. 


Moment of the couple may be 
positive or negative according as the 
couple tends to rotate the body in anti- 
clockwise or clockwise direction res- 
pectively. 


Some common examples ot couples 
are, the forces acting on a magnetic 
needle in the deflected position 
(Fig. 5:23), the forces acting on a 
rotating water sprinkler (Fig. 3:16) 
Vig. 5:23 : Couple acting on a deflected and the forces applied to the winding 

magnetic needle knob of a clock, etc. 


5:16. Dynamics of Pure Rotation. 


While discussing the angular velocity and the angular acceleration of a rotating 
particle, we did not take into consideration the torque producing the rotation or 
the mass of the particle. When these two quantities are introduced, the treatment 
is called dynamics of pure rotation. 


Let us consider a particle of mass m, moving 
ina circular path of radius r about an axis which passes 
through O and is normal to the plane of the paper 
[Fig.5:24]. Let a tangential force: Fp be applied on 
the particle, so that its tangential acceleration fy be 
given by Newton's second law of motion as, 


F,—mfy ; 
From equation (5:14), fj,—r«, where « is the t dier 
angular acceleration of the particle about the said axis. Fig. 524 
Then 
F,-—mr« vis it. (5:27) 
The torque L of this force about the axis through O is given by 
L-—Fy-—mr« [ from equation (5:27) ] 


The quantity mz? i. e., the product of the mass of the particle and the square of 
its distance from the axis of rotation is called the moment of inertia of the 
particle about the said axis and is usually designated by the letter 7. 

Thus  J=mr ^ an (5:28) 
Hence L=I« v ae (5:29) 

Comparison of this equation with the force equation P—mf, shows that L, 4 

and J are analogous to P, f and m respectively. Due to this analogy of the 
moment of inertia with the mass of the particle, it is also called the rotational 
inertia. 
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For a rigid body, the same relation also holds ; the entire body can be imagined 
to be made up of a very large number of particles. For each particle, the quantity 
mr? is calculated and then summing over all of them the moment of inertia of the 
whole body about the axis under consideration can be found out. Thus 

I—Xmr? A (5:30) _ 

Since each particle possesses the same angular acceleration, hence summing 

over all particles, we shall arrive at the relation, 
L-ZXmr'a&-«Zmr*— I« 


Example 5:19. A flywheel has a moment of inertia 005 kg. m*. What 
constant unbalanced torque is required to increase its speed from 60 r. P. m. to 
300 r. p. m. in 8 sec. ? 


Solution : Initial angular velocity, w ,=60 rpm—2 rad./sec. 
Final angular velocity, w=300 rpmi—l0 rad./sec. 
Moment of inertia J=0-05 kg. m.2=0-05 x 10? gm. cm.? 


Torque LeJ«-19— 5 —005x10'x Jor 
—1577 x105 dyne-cm.—0:157 newton-m. 
5:17. Angular Momentum or Moment of Momentum. 


In rotational motion, the quantity which is analogous to momentum in transla- 
tory motion is known as angular momentum. Let us 1 
consider a particle of mass m moving in a circle of 
radius r with angular velocity w [Fig. 5:25]. Its linear ED n 
velocity y is then given by y—r« and linear momentum È 
by p=mv—=imrw. f 

Its angular momentum about an axis through O | [e] 
perpendicular to the plane of the paper is then defined — 
as the product of its linear momentum and the s M. 
perpendicular distance of its line of motion from that 
axis. Hence, Fig. 5:25 

angular momentum, J=pr—myr 
=m w=]w E ee (5°31) 
where I=mr® is the moment of inertia of the particle about the said axis 
through O. 

Since the definition of angular momentum is analogous to the moment of a 

force, it is often called moment of momentum, The unit of angular momentum, 


3 


he EN IS 


foot* per second. The corresponding unit in M.K.S. system is kilogram metre? 
per second. : 
For a rigid body the total angular momentum is found by summing over all 
the particles and since all the particles have the same angular velocity, we have, 
total angular momentum of the body, J= Zmr*o e Erie Ie, 
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Vector Representation: Angular momentum is a vector quantity and 
obviously this vector will be parallel to the angular velocity vector. Hence 
angular momentum vector is drawn along 
theaxis of rotation in a proper scale so that 
the length represents the magnitude Jo. 'The 
direction of the vector bears to the direction 
of rotation the same relation as that existing 
between the advancement and rotation of a 
Directo » right-handed screw [Fig. 5:26]. 

0 


i rotation 


Example 5:20. A boy whose mass is 
40 kg. rides at the outer edge of a merry-go- 
Fig. 5:26 : Vector representation round, 20 m. in diameter. Find his angular mo- 


of angular momentum mentum if the merry-go-round is making 6 rpm. 
Solution: — 
6 x 2a 
Here, w= 60 =n rad./sec., m=40 kg., r=10m 


Substituting for w in eqn. (5:31), 
J=mr’w=40 x 10? x 1 kg. m.?/sec. —92:512 x 108 kg. m.*/sec. 


5.18. Relation between Angular Momentum and Torque. 


` Analogous to Newton’s second law of motion which gives the relation between 
a force and the rate of change of momentum of a body, a similar relation exists 
for rotational motion. The rate of change of angular momentum is proportional 
to the net torque and takes place in the direction of net torque. As before, with 
proper choice of units, the value of the constant, of proportionality is reduced 
to unity, 


Hence, torque=rate of change of angular momentum 
i ide MEE, A Be te (5:32) 


. This relation can be arrived at simply using calculus method. Since, J— Io, 
dd do 
I d a) 1 heL. 


5.19. Conservation of Angular Momentum. 


This conservation principle states that if the resultant external torque on a 
system is zero, the angular momentum of the system remains constant. 
From the above equation ( 5:32 ), when L=0, 
do or, J=constant. 


The principle of conservation of angular momentum ránks with the principles 
of conservation of linear momentum and of conservation of energy as one of the 
most fundamental of physical laws. : 
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Practical example. 
A circus acrobat, a diver, or a skater whirling or turning about on the toe, 
all take advantage of the principle. 
Suppose a performer has, just got 
detached from a swing with arms and 
legs extended and with a small 
clockwise angular momentum. Ashe 


pulls his arms and legs in, he is found Ed | 
to spin rapidly [ Fig. 5:27]. This is amer: 
because, in doing so his moment of e» 
inertia 7 becomes much smaller. Since 

his angular momentum Jw remains 

constant; as J decreases his angular Fig. 5-27 : Illustration of the conservation 
velocity w increases. , of tester momentun 


5:20. Kinetic Energy of a rotating body. 
From the article 7-7, the kinetic energy of the rotating particle of mass m is 
Ey—á&my*. ^ 

Since y—ro, E,—á&mr*o?— 3 1o? dee "s (5:33 ) 

where [—mr*, the moment of inertia of the particle about the axis of rotation. 

For a rigid body, the total kinetic energy is found out by summing over all the 
particles, the angular velocities of which are the same. Hence 

Total K. E.=23mr%w*=40 Zmr*—31o* 

I being the moment of inertia of the rigid body about the axis of rotation. 

Example 5:21, A disc has moment of inertia 004 kg. m? Find the work 
required to increase its speed from 60 r. p. m. to 150 r. p. m. 

Solution : _ 60x27 150 x 2a 

$t 2960 A 6077 

Work done—K. E. gained by the disc 

=§ I (o?—o,)—3 x 0:04 x 21273—4-15 Joule. 
5/21. Similarity between Rotational and Translational Mótion, 

The two types of motion are analogous is many respects. We have seen that 
the equations and formulae for rotational motion can be obtained simply from the 
corresponding equations for translational motion by mere substitutions of analogous 
terms. The analogy is brought out clearly in the following table. 


—2m rad./sec.; w= ==57 rad./sec. 


Translational Motion Rotational Motion 
Pa ee cece Nate Saher ad oe el DES 
1. Linear displacement, s 1. Angular displacement, @ 
2. Linear velocity, yn 2. Angular velocity, w= a 


3. Linear acceleration, 3. Angular acceleration, 
neu «dos du 
a ^de? ^d a 
4. Massm 4. Moment of inertia, J 
5. Force, P-mf-m45. 5. Torque L=Ja=J de 
di? ae 
6. Linear momentum, p—mv 6. Angular momentum, J= kw 
7. Linear kinetic energy —àmy? 7. Rotational kinetic energy =} lw? 
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6 EXERCISE @ 


[A] Essay Type Questions 
1. What is meant by ‘Rotational motion’? Define ‘angular velocity’ and ‘angular accele- 
ration’. How can you represent them as vector quantities ? 
The quantities 0, œ, « are expressed in terms of radius instead of degrees. Why is it so ? 
Can they be expressed in degrees ? 
2. Deduce the relation between angular velocity and linear velocity. * Why is the accele- 
ration of a body moving in a uniform circular motion always directed towards the centre? — ' 
3. (i) What is angular acceleration ? Establish its relation with linear acceleration. 
(ii) Define centripetal acceleration. Deduce its relations with angular velocity and linear 
velocity. Show that the units of centripetal acceleration and linear acceleration are the same. 


4.(i) What do you mean by centripetal and centrifugal forces ? LH. S. '83] 

(ii) Centripetal force is a real force and centrifugal force is a ‘pseudo’ force.—Justify 

the statement. [ 8. S. '80] 
(iii) Find an expression for the centripetal force. [ H. S. 78] 

5. (i) Why isa centripeta] force necessary to rotate a body in a uniform circular motion. 

( H. S. '62] 


(ii) Does the centripetal force do any work ? Explain with reasons. 
6. What is meant by banking of roads ? Why is it necessary ? 

Deduce an expression for the angle of banking and hence show that a road of definite 
radius can be ideally banked for a particular value of highest speed. What would happen if 
a car rounds the curve with stlll higher speed ? 

Does this value of the highest speed limit decrease when the road becomes wet in rain ? 

7. Showthat when a cyclist is going round a curved path of radius r with a velocity v, 


his body must become inclined to the vertical by an angle 0, where tan i=, g being the 


acceleration due to gravity. [ H. S. '82] 
8. A constant force F is applied on a body of mass m, such that the direction of the force 
is always perpendicular to the direction of motion of the body. Describe the motion of the 
body, specifying its acceleration in direction and magnitude. Also find the rate at which work 
is done by Fif the instantaneous speed has a value u. [ Jnt. Entrance '79 ) 
9, Define ‘angular velocity’, ‘angular acceleration’, ‘angular momentum’ and ‘torque’. 
How is the torque related to the angular acceleration? Explain the principle of conservation 
of angular momentum with suitable examples, [ H. S.'79] 
10. Define moment of a force about a point. Explain its difference with the moment of 
a force about an axis with a suitable example. State the units of the moment of a force in 
C. G. S., F. P. S. and M. K. S. systems. How do you represent the vector nature of the 
moment of a force ? 
11. What is meant by ‘couple’? What do you understand by the moment of a couple ? 
Prove that the torque of the couple is given by the algebraic sum of the torques of the indivi- 
dual force about any point in the plane of the couple. Give a practical example of a couple. 


12. What is moment of inertia? Why is it called rotational inertia? Deduce a relation 
of angular momentum with angular velocity and moment of inertia. Hence prove that the 
rate of change of angular momentum is proportional to the net torque. 

13. Prove that— 

(i) Mass in linear motion is analogous to moment of inertia in rotational motion. 

(ii) Moment in linear motion is analogous to angular momentum in rotational motion. 

(iii) Force in linear motion is analogous to torque in rotational motion. 

14, (i) State and prove the principle of conservations of angular momentum. 

(ii) Establish an expression for the kinetic energy of a rotating body, 
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[B] Short answer type Questions 


1. Ifa heavy body on the end of a string is rotated rapidly enough, the string will break 
What force causes the string to break ? 
2. Isthe centripetal force ever greater than the centrifugal reaction ? 
3. Astoneis whirled in a vertical circle by means of a rope. Jn what position of the 
stone is the tension in the rope greatest. Justify your answer, 
4. Name the force which provides the centripetal force in each of the following 
examples :— 
(i) An earth satellite is kept moving in its orbit. 
(ii) Railway tracks are banked on curves. 
(iii) A stone tied at one end of a string is being whirled. 
5. Explain the following statments with proper reasoning : 
(i) Centripetal force is a ‘no-work’ force. 
(ii) A.cyclist rounding a curve leans inwards. 
(iii) The earth is an oblate spheroid. 
(iv) The force applied to a point near to the centre of a wheel produces smaller amount 
of motion. 
(v) When milk is churned, the cream separates from it. 
(vi) It is possible to rotate a bucket of water in a vertical plane without spilling the water, 
(vii) In rectilinear motion, a body may move without any acceleration, but in circular 
motion it would always have an acceleration. 
(viii) At a curve in a road, notice specifying the maximum speed limit is displayed. 
(ix) When a car turns sharply towards right, the passengers lean towards left, 
6. You want to remove a rusty bolt of your machine, Why do you prefer long arm of 
your wrench ? ne 
7. Ifa wheel is at rest, at what point should a force be applied in order that it produces 
no rotational motion ? i 
8. How can a high diver turn his body in air so that he can spin rapidly? What phy- 
sical principle does he make use of ? 
9. A small girl is standing on a rotating table at the centre with her arms closed to- 
gether. What will happen when she extends her arms horizontally ? 
10. ‘It is easier to open or close a door by pushing or pulling near its outermost edge 


than by pushing or pulling near the hinges’,—Explain, [ Model Questions, H. S. Council | 
11. Explain why a motor-cyclist in a circus ‘well of death’ can ride around the walls of the 
well without falling down. (1.1. T. 62] 


12. The driver of a truck travelling with a velocity v suddenly notices a wall in front of 
him at a distance r. Is it better for him to apply brakes or to make a circular turn without 
applying brakes in order to just avoid crashing into the wall ? Why ? [I1 T. 77] 

13. Prove that ifthe earth suddenly contracts to half its radius, the length of a day will be 
shortened from 24 hours to 6 hours. 

14. ‘The earth moving about the sun in a circular orbit is always acted upon by a force * 
and hence work must be done on the earth by this force',—Do you agree with this statement ? 

[L4LT'73] 


[C] Simple Problems. 
1. A railway line of length 31:4 m, is to curve through 10°. If the line forms an arc of 
a circle, what is the radius of curvature ? [ Ans. 180 m. ] 
2. A flywheel rotates at 1200 rev./min. Find its (a) frequency, (b) angular speed, (c) 
time period and (d) time required to turn through 72°. 
[ Ans. (a) 20 r. p. s. (b) 125-6 rad./sec. (c) 0:05 sec. (d) 0:01 sec. ] 
3. An electric clock provides three hands. Find the angular speed of each of them. 
[ Ans. Hour., 1:454x 10-4 ; Min., 1:746x 1075 ; Sec., 1:047 x 107! rad./sec. ] 
4. Find the angular velocity of the daily rotation of earth. — ( Ans. 7:271 x 10-* rad./sec. ] 
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5. To the passengers of an aeroplane, flying from east to west on the equator, the sun 
appears motionless. Find the velocity of the aeroplane. Neglect the height of the aeroplane 
and take equatorial radius of the earth—6000 km. [ Ans. 1570 km.[hr. ] 

6. A satellite revolves in a circular orbit around the earth 500 km. above its surface. 
It takes 100 min. for one complete rotation ; calculate its angular and linear speed assuming 
the earth's radius— 6000 km. [ Ans. 1:047 x 107? rad./sec., 6:806 km./sec. ] 

7. The linear velocity of a point on the rim of a rotating wheel is 3 times greater than 
that of a point 7 cm. closer to the wheel axle. Find the diameter of the;wheel. [Ans. 21 cm.] 


8. A fly-wheel of radius 50 cm. increases its speed from 720 r.p. m to 1440 r. p. m. in 
1 min. Calculate (a) its angular acceleration in rad./sec.? and (b) linear acceleration in 
cm./sec.? of a point on its rim, [ Ans. (a) 1:256 rad.[sec.? (b) 62:8 cm./sec.? ] 
9. Ifa wheel revolving at 1800 r. p. m. slows down uniformly to 1200 r. p. m. in 2 sec., 
calculate (a) the angular acceleration of the wheel and (b) the number of revolutions it makes 
in this time, [ Ans. 107 rad./sec.?, 50 rev. ] 


10. A wheel starts from rest and accelerates uniformly to reach the angular speed 

30 rad./sec. at the end of 15th revolution. Determine the angular acceleration of the wheel. 
[ Ans. 4:77 rad./sec.? ] 
11. A fan while rotating at 1500 r. p. m. is switched off. It then slows down uniformly 
and executes 150 revolutions before it comes to a stop. In how much time the fan stops after 
it has been switched off ? [ Ans. 12 sec.] 


12. A body revolving with a constant angular acceleration of 5 rad./sec.? possesses an 
angular velocity of 300 rey./min. at the instant ż=0. (a) Find the time during which it 
attains an angular velocity of 900 rev./min, (b) Also find the time required by the body to 
perform 1207 revolutions after the instant 1—0. [ Ans. (a) 4r sec. (b) 87 sec. ] 

13. A wheel of radius 8 cm. starts from rest and accelerates uniformly. Find the linear 
acceleration of a point on its rim, if it attains a linear velocity of 120 cm./sec. at the’ end of 
10th revolution of the wheel. [ Ans. 14:33 cm.[sec. } 


14. A body of mass 50 gm. is moving in a circle of diameter 100 cm at an angular speed 
of 360 r.p.m Calculate (a) its centripetal acceleration and (b) the centripetal force acting 
on it. D Anc [ Ans. (a) 710*8 m./sec.? (b) 35:54 newton. ] 

15. To a first approximation the electron of a hydrogen atom moves in a circular orbit of 
diameter 1*0x 10-8 cm. with linear velocity 2:2 10* cm./sec. Find its centripetal acceleration. 
à [ Ans. 9°68 x 10% cm./sec * ] 

16. _Calculate the acceleration of a point on the equator assuming that the equatorial 
radius is 6000 km ; [ Ans... 3:174 cm./sec * ] 

17. A point starts from rest and moves in a circle of radius 20 cm. with uniform angular 
acceleration. The linear velocity of the point is 20 cm /sec. at the end of the tenth revolution. 
Find the centripetal acceleration of the point at the instant 1—20 scc, after it starts moving. 

j [ Ans 0:51 cm /sec.* 
» 18. Compute the force exerted inward on a ball weighing 6 kg. at any particular inp 
while it is describing a circle of radius 30 cm. and revolving at 100 r, p, m. 
j x ; [ Ans. 19°74 x 108 dyne ] 

19. Atram car weighing 6 metric ton travels round a curve of radius 120 m. with a speed 
of 15 km. p. h. Find the force with which the wheels press laterally against the rails. 

[ Ans. 868 newton ] 

20. A body lies on a horizontal disc at a distance of 10 cm. from the centre, The disc 
rotates about a vertical axis passing through its centre at 60 r.p.m. What should be the co- 
efficient of friction between the body and the disc so that the body will not slide off the disc ? 

[ Ans. »>0-4024 ] 

21. Calculate the proper angle through which the rider must lean inward from the verti- 
cal in order to keep the balance if the mass of the cycle together with the rider is 180 Ib. and 
the bicycle travels round a curve of 11 ff. radius at 10 mile/hr. [ Ans. 31°26" } 
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22, What is the proper angle for banking a road around a curve of 60 m. radius to allow 
for speeds of 70 km./hr. ? z: [ Ans. 32:73° ] 
23. A mountain road has a curve of radius 40m. If at the curve the road is 4 m. wide 
and its outer edge is 80 cm. higher than the inner edge, find the maximum speed for which the 
curve is intended. [ Ans. 31:88 km./hr, ] 
24. Ina machine, a horizontal arm 2 ft. long is driven by a vertical shaft and makes 600 
r. p. m. in horizontal plane. A 10 Ib, block is attached to the free end of the arm, Find out 
the force on the block and the force on the vertical shaft due to rotation of the block, 
[ Ans. 78980 poundal ; 78980 poundal ] ( Jt. Entrance '73 ) 
25. A stone is swung uniformly in a horizontal circle at the end of a thread 30 cm. long. 
At what number of revolutions per sec., will the thread snap if it is known to do so under a 
Toad equal to ten-fold weight of the stone. 
Repeat your calculation for the stone revolving in a vertical circle. 
í [ Ans, 2:88 r.p.s ; 2:73 r.p.s. ] 
26. A bucket with water is swung uniformly in a vertical circle at the end of a rope 80 
cm. long, Find (a) the minimum velocity of rotation of the bucket when the water will not 
spill out at the highest point, (b) the tension of the rope at this velocity at the highest and the 
iowest points of the circumference. The mass of the bucket with the water is 5 kg. 
[ Aas. (a) 3:5 rad.[sec. (b) zero., 10 kg. wt. ] 
27. A stone tied to a rope rotates uniformly in a vertical plane, The difference between 
tne maximum and the minimum tension of the rope is 500 gm. wt. Find the mass of the 
Stone. z [ Ans. 250 gm ] 
28. A light horizontal bar is 10 metre long. A 3 kg, force acts vertically upward on it 
25 cm. from the right hand end, Find the torque about each end, 
[ Ans. 7 35 newton-m. ( clockwise ) & 286°6 newton-m. ( counter clockwise ) ] 
29. A flywheel has moment of inertia 0-1 km m,? What constant unbalanced torque is 
required to increase its speed from 3 r.p.s, to 9 r.p,s, in 18 revolutions ? ; 
[ Ans. 1:256 newton. m ] 
30. A boy weighs 50 kg. and stands on the edge of a large wheel of diameter 2 m, which 
makes 15 revolutions per minute. Calcuiate the angular, momentum of the boy. 
[ Ans. 78:54 kg, m.*/sec, ] 
31. A flywheel has moment of inertia 0*02 kg. m*, Find the work required to decrease its 
speed from 7 r.p s. to 3 r.p.s. [ Ans, 15:8 Joule ] 
32. A thin circular ring of mass M and radius r is rotating about its axis with a constant 
angular velocity». Two objects each of man m, are attached gently on the opposite ends of 


a diameter of the ring, What will then be the angular velocity of the ring? 
[ Ans. »M|(M 4-2m) ] 


[D] Harder Problems 

1. An automobile having 'wheeis of diameter 80 cm. changes its speed from 25 to 50 
km./hr. in 5 sec, Calculate the angular acceleration of the wheel, { Ans. 347 rad,/sec.? ] 

2. Inan electric clock, the extremity of the hour hand moves one twentieth as- fast as 
that of the minute hand, What is the length of the hour hand if the minute hand is 10 cm. 
long ? [ Ans. 6 cm. ] 
3. Determine the linear velocity of revolution of points on the earth's surface at a latitude 
of 60°. Given, earth's radius=6000 km, [ Ans. 785 km /hr. ] 

4. Two disks are mounted 40 cm. apart on an axle. The axle with disks rotates with 
uniform angular velocity of 3000 r.p.m. A bullet flying parallel to the axle pierces both the 
disks. The hole in the second disk is displaced with respect to that in the first one by an 
angle of 18°. What was the velocity of the bullet ? [ Ans. 400 m.jsec. } 
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5. A particle starts from rest and moves along a circle of radius 40 cm: with a constant 
linear acceleration of 10 cm,/sec?, Find the time required after the motion begins for the 
centripetal acceleration of the particle to be (a) equal to the linear acceleration, (b) twice the 
linear acceleration, [ Ans, (a) 2 sec. (b) 2:828 sec ] 

6. What should be the minimum speed of an aeroplane at which it can execute a loop 
of radius 100 m. so that there will be no tendency for the pilot to fall out at the highest point ? 

[ Ans. 31:3 m [sec] 

7. An aeroplane flying at a speed of 600 km. p. h. loops a loop. , What should be the 
radius of the loop so that the maximum force pressing the pilot against the seat is (a) 5 times 
his weight (b) 10 times his weight ? [ Ans. (a) 708:6 m. (b) 314:9 m, ] 

8. A simple pendulum is suspended from the ceiling of a tram-car. The car passes a 
curve of radius 65 m. at a speed of 12 km. p.h, Through what angle will the bob deviate ? 

[ Ans. 1°] 

9. An object is being weighed on a spring balance in a railway wagon going round a 
curve of radius 625 m, at a speed of 90 km. p.h. The object has a weight of 10 kg. What is 
the reading on the spring balance ? [ Ans. 10 05 kg ] 

10. A small body is tied to a point by an inextensible string of negligible mass and is 
rotated in a circle of radius 500 cm. in the vertical plane. What is the minimum speed that it 
must haye at the uppermost point of the circle, so that the string does not slacken? What 
would beits speed and angular velocity at the lowest point of the circlé if it has the above 
minimum speed at the uppermost point. [ Ans. 700 and 1565-2 cm /sec,, 3:132 rad /sec. ] 

J LI. I, T. '67] 
11. A cylindrical steel drum, diameter 20 cm., rotates about its axis which is vertical, A 
small steel body in contact with the upper part of the inner wall is. carried round with the 
drum if the rate of rotation exceeds 200 revolutions per minute, but falls at lower rates, Find 
the co-efficient of limiting friction between the steel surfaces. — [ Ans. 0:2235 j ( London Univ. ) 
12. A motor car travels over a convex bridge of radius 20 m. With what maximum speed 
the car travels with safety i, e., it does not move tangentially off the bridge, 
[ Ans. 50:4 km./hr. ] 
13. A man whirls a stone round his head on the end of a string 1-5 m. long. Can the 
string be in a horizontal plane? If the stone has a mass of 300 gm. and the string wil! snap 
if the tension in it exceeds 6N, what is the smallest angle the string can make with the horizon- 
tal? What is then the speed of the stone ? ( Take g—10 m./sec?, ) 
i Ans. No ; 30° ; 4:74 m./s. ] 
14. A rough horizontal circular disc is rotating with uniform angular velocity w about a 
fixed vertical axis through its centre. Two bodies of masses M and m lie on the disc and are 
at rest relative to it, being on the same radius but at a distance a and 3a respectively from the 
centre, They are connected by a light inextensible string of length 2a and the coefficient of 
friction between either the bodies and disc is y. Show that both the bodies are on the verge of 
slipping outwards if 


Find also an expression for the corresponding tension in the string. 


[ Ars. Te-24£M7 ] 
M-+3m 

15, Two bobs of masses 6m, and 10m, are attached to the ends of a light inextensible 

string which passes over a frictionless ring at C. The lighter bob describes a horizontal circle 


about the heavier bob ( which remans stationary a+c ) as centre, Showthat OC= oe where a 
is the length of the string and the time period of revolution of the lighter bob is "V 3a where 
2g 


g is the acceleration due to gravity. 
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16. A rubber ring is forced on the rim of a wheel of diameter 80cm, The wheel is then 
rotated about its axis at an increasing rate. The ring becomes just slack on the wheel when 
it is rotating at 1200 r, p.m. What ^was the strain in the rubber before the wheel started 
rotation? Given that, for rubber, Young's modulus Y-—5:5x10» dyne/cm* and the density 
p=0:92 gm./ce, [ Ans. 436x1073] 


17. A cyclist negotiates a curve of radius 25 m, on a road, which is banked at an angle of 
13° to the horizontal. If the co-efficient of friction between the tyres and the road is 0*6, 
determine the greatest speed at which the cyclist can negotiate the curve without skidding and 
his inclination to the vertical at this speed. [ Ans. 55:33 km/hr. ; 44° ] 


[ Hints : Three forces are acting on the system of the cycle and the cyclists, viz. 
(1) normal reaction acting through the point of contact between the tyre and road, 
(2) friction through the same point and (3) weight of the system through the c. g. 
of the system, ] 


18. The masses M;,, M» and M; are connected by strings of negligible mass'which pass 
over massless and frictionless pulleys P, and P; as shown in the fig. The masses move such that 
the portion of the string between P, and Pz is 
parallel to the incline and the portion of the B 
string between P, and M; is horizontal. The 
masses M; and M; are 4'0 kg. each and the co- 
efficient of kinetic friction between the masses 
and the surfaces is 0:25. The inclined plane 
makes an angle of 37? with the horizontal. If 
the mass M, moves downwards with a uniform 
velocity, find (i) the mass M, (ii) the tension 
in the horizontal portion of the string. (g= 
9:8 m./sec.? ; sin 37°=4 (1.1. T.'81) 

[Ans. (i) 42kg; (ii) 98N] 


19. A body of mass m is whirled in a vertical circle by means of a rope. Ifthe speeds of 
the body at the highest and the lowest points are u and 4u respectively, prove that the tension 
in the rope wher its inclination to the downward vertical is 0, is approximately mg (3 cos 0+ 
2:27). Ifthe length of the rope is 30cm, and 6=45°, find the speed of the body at that 
position. [ Ans, 3:29 m,/sec. ] 


20. A body of mass m hangs at one end of a string of length a, the other end of which is 
fixed. What velocity in the horizontal direction should be imparted to the body so that the 
string would become just slack, when it makes an angle of 60° with the upward vertical ? Find 
also the tension in the string when it makes an angle of 60° with the downward vertical. 


[ane rig *- ;3 mg ] 
21. A smooth circular wire of radius r and centre O, is fixed in a vertical plane. A smooth 


small ring of mass m can slide on the wire. From a point P on the wire ata vertical distance 
I. above O, the ring is given a velocity v along the downward tangent to the wire. Show that 


the ring will just reach the highest point of the wire if v=yrg. Find also the reaction of the 
wire on the ring when the latter is at a vertical distance > below O. [ Ans. 3:5 mg] 


22. A small body of mass m is placed on the top of a smooth sphere of radius r. If the 
body slides down the surface of the sphere, at what point does it flies off the surface ? 


[ Ans. Atthe point whose radius vector makes an angle cos- (3 ) with the upward vertical 
through the centre of the sphere ] 
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23. A particle slides from the top down the outside smooth surface of a fixed sphere of 
radius r, When the particle is at the highest position, what velocity in the horizontal direction 
should be imparted to it, so that it leaves the surface of the sphere at a point whose vertical 
height from the centre of the sphere is 4a/5 ? 

À [ Ans. n _2gr| 
2 


, 24. A pipe of internal diameter 4 cm. delivers 600 kg. of water per minute. It bends to 
one side through a right angle and 0 cm. further on bends back to its original direction. 
Find the force exerted by the water at each bend. Also show that these forces form a couple 
ahd find its moment. [ Ans. 112:54N ; 55:71 Nm 1 

i595: A particle is projected at time t=0 from a point P on the ground witha speed y, at 
én angle 45° to the horizontal. Find the magnitude and direction of the angular momentum 
of the particle about P at time t=v,/g. (4. I. T,'84 Y 


[ Ans. ; gi, Perpendicular to the plane of motion and directed from front to back when 


the P lies to the left of the figure ] 


6 STATICS 
CHAPTER 


61, Introduction. 


The subject of Statics is concerned with systems of forces which acting on a - 
body keep it in equilibrium. Ifa body, acted on simultaneously by several forces, 
remains at rest or in a state of uniform motion in a Straight line, it is said to be 
in equilibrium. This means that a body in equilibrium possesses neither transla- 
tional, nor rotational acceleration. It is to be noted that, a body in equilibrium 
need not necessarily be at rest—it may be in uniform motion in a straight line. 


Since from Newton's second law, a body gets accelerated only under the 


action of unbalanced forces or coupies, we conclude that forces or couples acting 


ona body in equilibrium must compensate one another. As we shall see, this 
leads us to two conditions of equilibrium. 


6:2. ` Conditions of Equilibrium of a System of particles. 

A body can be regarded as an aggregation of a large number of particles. The 
following discussions for the equilibrium of a body thus also holds true for a 
System of particles. 

Let us consider a body on which the coplanar external forces Fi, F yy Beso. ct 
etc., are acting simultaneously [Fig. 6'1]. Let O be any arbitrary point in their 
plane. We first consider the force F, whose point 
of action is denoted by 4. Let us introduce at O two 
equal and opposite forces, each of magnitude F;, their 
lines of action being parallel to that of F}. Since these 
two forces neutralise each other, introduction of them 
does not in any way alter the state of the body. 

The given force F, at A and the opposite parallel 
force F, at O constitute a couple of moment (or 
torque) L,—F,xx; where x, is the moment arm of _ quU LM 
the Teck icd Hn about 0. " Thus, the original force SC yos cr j 
F, at A is equivalent to an equal and parallel force F, at of several forces 
O and a couple of moment LI. 

In a similar way, each force of the system may be supposed to be equivalent 
to an equal force at O and a couple. The original system of forces is thus equi- 
valent to the set of force F} F;...acting at O, together. with the same number of 
couples. The forces at O may be combined to give a single resultant force at 0, 
while the couples are equivalent to a single.couple whose moment is given by the 
algebraic sum of the moments of all the couples, Evidently, the moment of each 
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i f the corresponding force about the arbitrary point 0. 
pede fee ae of the PCR all the couples is simply the algebraic 
sum ^" the moments of all the forces about the arbitrary point O. 

Now, as a force and a couple can not balance each other, hence for the ur 
to be in equilibrium, both must separately vanish. We thus arrive at the follow- 
ing two conditions of equilibrium : Be 

(i) The resultant of all the forces acting on the body must be zero 2 e ; 
algebraic sum of the resolved parts of all the forces along any two directions a 
right angles to each other must separately be zero, and , 

(ii) The algebraic sum of moments of all the forces about any arbitrary point 
5 “The first condition ensures that the resultant force at O vanishes and the second 
condition ensures that the resultant couple is not in existence. ; 

When the first condition is satisfied, there is no unbalanced force acting on the 
body and, therefore, the body will have no linear accleration. The condition is 
thus called the condition of translational equilibrium. Mathematically, if 
F, and F, be the resolved parts of any one of the forces along x and y axes respec- 
tively, then for all the forces, 

ZF,—0 and SF ,=0 iu sis (61) 

Fulfilment of the second condition implies that the resultant torque acting 
upon the body is zero and so the body does not possess any angular acceleration. 
"This condition is thus also known as the condition of rotational equilibrium. 
If the moments of the forces F}, F;...etc. about any point in their plane be Ly, Za... 
etc., then this condition can be expressed analytically as 

LL Ly... =0 
or, 2L=0 M b. (6:2) 

Both the conditions must be simultaneously satisfied, for if only the first. condi- 
tion is satisfied, the couple is present and produces an angular acceleration of the 
body i. e., the body will not be in rotational equilibrium. On the other hand, if 
only the second condition is satisfied, the body will move under the action of the 
resultant force and hence will possess a linear acceleration. 
remain in translational equilibrium. 

The first condition of equilibrium can be put in another way. We know that 
the resultant of a number of forces can be found out by the polygon method for 

composition of vectors (vide Art. 
E 1:3). If we draw a polygon whose 

3 Sides, in succession, represent the 
different forces in direction and mag- 

Fo nitude, then the resultant is represen- 
ted by the closing side, drawn in 
reverse Order, which completes the 
polygon. The resultant is zero means 

that this closing side is zero. Thus 

Fig. 62: Polygon of forces the forces producing equilibrium can 
be represented in magnitude and direction by the sides of a closed polygon, 


It cannot, therefore, 


| 
| 
| 
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taken in order. This is shown in the Fig. (6:2 ), for the forces F,, Fe, Fy Fy, Fs 
acting on a body. 


Two simple cases may now be discussed to geta clear outlook of equilibrium 
problems : ; 


(i) Equilibrium under only two forces : When a body is in. equilibrium 
under the action of two forces F, and Fa, the two conditions of equilibrium give 
that (a) they must be equal in magnitude but opposite in 
direction, and (b) they must have the same line of OF, 
action [Fig. 6:3]. Condition (a) means that the resul- 
tant of the two forces is zero and condition (b) ensures 
that there is no couple. 

(ii) Equilibrium under three forces: Let us 
consider a body in equilibrium under the action of 
three external forces F,; Fy, Fz. We can replace any 
two of them, say Fj and F, by their resultant R, so 
that the problem reduces to equilibrium under two 


forces, namely this resultant R and the third force Fs. F2 
Thus the conditions (a) and (b) mentioned above must Fig. 63: Equilibrium 
be satisfied by Rand F}. It follows that the three forces under two forces 


must be co-planar ; otherwise the line of action of R can not be the same as that 

of F. Also, the force Fy, which is equal in magnitude but opposite in direction 

i to the resultant Rof F, and F, is called their 

RA iz equilibrant. The equilibrant of a system of forces 

i is, therefore, the force which would balance all the 
original forces taken together. 

The lines of action of the forces F, and F, may |. 
be either parallel or not. When F; and Fare 
parallel, their resultant R is parallel to them [ vide 
Art. 6:3]. First condition of equilibrium thus 
requires that F, should be equal and opposite to 

F3 R; hence F, must be parallel to F, and F, 
Fig. 64 Equilibrium under — [ Fig. 6'4 J. 
three parallel coplanar forces The second condition of equilibrium gives that 
the line of action of F} must be the same as that of R. 


If the lines of action of Fand F; are not parallel, they must intersect at some 
point O [Fig. 6:5 (a)]. Their resultant R may then be obtained by the parallelo- 
gram method [Fig. 6:5 (5b). For translational equilibrium. Fy must be equal and 
opposite to R, while for rotational equilibrium, they must have the same line of 
action. Hence, the line of action of F; rust pass through the point O. In other 
words, the three forces Fy, Fp, F, must be concurrent, 


From [ Vig. 65 (b) ], we get that diagonal OB of the parallelogram OA4BC 
represents R, the resultant of Fand Fy. Since F, is equal and opposite to R, it 
is obvious that BO completely represents Fa. Also, since CB is equal and parallel 
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to OA, it completely represents F,. Thus the sides OC, CB and BO of the triangle 
OCB represent the three forces completely [ Fig. 6:5 (c) ]. This is known as 
: : Triangle of Forces Rule which 


F3 can be stated as : 
4 Three non-parallel forces in 
Ocio, equilibrium can be represented in 
5 Fi magnitude and direction by thc 
4 C three sides of a triangle taken in 
CR B Fg order. 


The above rule can be put 

(e) in an analytical form by using 

Fig. 6:5 : Equilibrium under three the property of triangles viz., the 

/ nonparallel coplanar forces sides are proportional to the sines 

of opposite angles. If 0, be the angle between F, and Fy, 0, that between F, 
and F and 6, that between F, and Fp, then from the force-triangle in Fig. 6:5 (c). 


QC: zx CB Xi. BO 
sin Z OBC sin ZCOB sin Z OCB 
F, Fo F; 


. 75 Sin (180020) sm (1802A un (180°—6,) 
Since, sin ( 180*—6, )=sin 6,, etc. 

jie ARENE BAONE A TA s. 

sin ð; si, sin, P) 

Thus, for equilibrium under three non-parallel coplanar forces, each force is 

proportional to the sine of the angle between the other two. This is known as 

Lami's Theorem. 

(Example 61. A load weighing 50 kg. is supported in equilibrium by two 

ropes, one horizontal and the other in a direction 30° with the vertical. Find the 
gension in each rope. 


A ‘Solution : Refer to the adjoining diagram. The 
load is in equilibrium under 3 forces : . 
(1) Tension T, in the rope making 30° angle with 
vertical. : 
(2) Tension T; in the horizontal rope. "a sinad 
(3) Weight w of the load acting vertically down- 
wards. o 
Solution by Component method : 
Sum of the components of the forces in horizontal dir 
or, T; sin 30°—T,—0 


2h 
T. 


! 
4 
T,cos30k--~; 


ection ZF,—0 


(i) 
Sum of the components of the forces in vertical direction 2 F,=0 
or, T; cos 30°—w=0 


RE SORT a 
i3) ET 57-73 kg.wt. 


- €——M——— —""—————PWwOÓ— EAPPERP RA 
e EH 


ee ea 
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From (i) E kg. wt. 
Solution by Lami’s Theorem : 
Angle between T, and T,— 90.1. 30» 
Angle between T, and W=180°—30° 
Angle between T, and w=90° 


Aie Ti Pe w 
sin 90° sin (180°—30°) sin (90* 4-305) 


Pye RMI 302. ag kg. wt. 


cos 30° M3 
..JÜxsin30? 59 i 
T, UIT um va 728 87 kg. wt, 


Example 6:2, 4 uniform horizontal beam AB 40 
15 kg. is hinged at A to a vertical wall and Supported by 


reaction at the hinge. Now, 


BC=VAB+AC— /40)1:301— 50 cm. 
Drop AE Perpendicular to BC. From the 
similar As AEC and ABC, 
AC 
BC 


AE=AC x AB=0X40_94 cui, 


(a) Taking moments about 4, we have, 
ZL—Rx 0--Tx24—15 x20—30x30—0 


E E 


AE _ 
we have, AB" 


AB 40 


133 


cm. long and Weighing 


(b T,—T cos CIE T ATA EX kg. wt. 


BC 
<. T.2—push of the beam —40 kg. wt. 
(c) ZF,— 2—1,—0 
RQ—T,—40 kg. wt. 


ZF,=R,+T,—15—30=0 — Ry,—45— T, 


ions ipae 30_3T_ 
But T,=T sin Saat s TX) 


R,=45—30=15 kg. wt, 
P-I/10 


3x50 


35 — 399 kg. wt. 
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s R=VRI+R,2=V 408+ 158 42°72 kg. wt. 
—R,_15 _ 9. 
and tan R 20 0:375 
` 0—20^33' 
The reaction at the hinge is 42°72 kg. wt. making an angle of 20°33! 
above the horizontal. 


Example 6:3. To pull an automobile out of a ditch, one end of a rope POQ 
is wrapped around a piller at P and the other end is tied to the auto at Q. A pull 


of 200 kg. is applied to the centre O of the rope ina direction perpendicular to 
PQ. Find the tension in the rope when angle POQ is 120°. 


Solution: The point O isin equilibrium under the action of the forces Tp 


T, and 200 kg. a: shown in the adjacent figure. Hence by the component method, 
we have from eqn. (6:1), 


ZF,—0 i. e., T; cos 30°—T, cos 30?—0 


(1) 
and ZF, =0 i. €; 200—741 sin 30°—T, sin 30°=0 


(2) 
200 kg. From equation (1) we get, 7;,=7;=T 
(say). 
r «11005307 0 om COS30'.— Applying this result to eqn. (2), we 
8! 30" UON find T—200 kg. 
€! E 4 
NS jo Alternative Proof. From  Lami’s 
P Q* "Theorem, we get using eqn. (6:3), 
T. cuTyow C900 


sin 120? sin 120° sin 120° 
+. T;=T,=200 kg. 
Example 64. A man and a boy carry a load hung 
weight. Where must the load be hung so that the b 
supports 4 as much as the man at the other end? 


Solution ; Refer to:the adjoining fig. Let 


on à pole of negligible 
oy at one end of the pole 


the load be hung at distances x, and x, respec- X- X2 
tively from the man and the boy at the end of 
the pole. 
Also, let 5w be the weight of the load, Aw Sw o s 
w=weight supported by the boy man E 


^. 4w=weight supported by the man 
Since the pole is in equilibrium, taking movements’ of the forces about the 
point at which the load*is hung, we have ZL,—wx Xy—4Ww X x40. 
C Mis Xgl 3 4 
or, %,=%X length of the pole. 


The load must be hung ata distance equal to 4 the length of the 
pole from the man. 


Example 6:5. 4 non-uniform rod 15 ft. 


long and weighing 50 Ib. is suppor- 
ted in a horizontal position on a fulcrum with 


weights of 30 Ib. and 60 Ib. suspen- 
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ded from its ends. If the weight of the rod acts at a distance of 5 ft. from the end 
supporting the 30 Ib. weight, compute the position of the fulcrum. 


Solution: Let the weight of the rod act through the point C as shown in the 
adjacent figure. Let P be the upward force at the fulcrum. 

Since the rod is considered to be in. equili- P 
brium under the action of the forces acting on 4 
it, the sum of these vertical forces must be zero. l G 
Thus, considering the upward forces as positive, A 
we have from eqn. (6:1), 

ZF=—30—50+P—60=0, or, P—140 p. 90 50 d 

Again, the rod being in equilibrium, the sum of the torques about any point 
in the plane of the forces is zero. Taking moments about the point A (vide 
eqn. 6:2) 

ZL-—-—60x15-4-140x x—50x5-4-30x 0—0. . 
x-—8:22 ft. 
Thus the fulcrum is at a distance of 8:22 ft. from the 30 Ib. weight. 


Example 6:6. A thin heavy uniform iron rod 50 cm. long is bent at the 30 cm. 
mark forming a right-angled L shaped piece. The bent rod is hung on a peg at the 
point of bend. What angle does the 30 cm. side make with the vertical when the 
system is in equilibrium ? 

Solution; Let B be the point at which the rod ABC is hung. Then AB=20 

' cm. and BC—30 cm. Let us suppose that the weight 
per unit length of the rod is w. The weights of the 
portions AB and BC act through their mid points. 
Thus taking moments abou: the point B, we get 
for equilibrium, 

ZL =20w(x,)—30w(x_)=0 
or, 20w(10 cos 0)—30w (15 sin 0)—0 


B 


Di 


H 
wt 


------------T----- 


Wü c or, waé- s. 8-299. 

E le 6-7. iform ladder 10 ft. long and weighing 40 Ib. rests with its 
Muf eif didt a je Ji a smooth eas wall 8 ft. above the ground, and its 
lower end on a rough road. Find (a) the reaction of the wall, (b) frictional force 
due to the.road, (c) the reaction of the road. ; í 

If the ladder is at the point of sliding find also (d) the co-efficient of static 
friction between the base of the ladder and the road. 

Solution: In the adjoining diagram, AB is the ladder. 

AB=10 ft. and BC=8 ft. 
4 A4C—4/101—83—6 ft. = ER 
der is in equilibrium under the action o! : 
(o fie weight (40 Ib. wt.) of the ladder acting vertically downwards through 


D, its mid-point, 
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(2) The reaction R, of the wall which is normal to the wall since it is smooth 
and hence has no friction. 

(3) The reaction R, of the road at A. Rg is composed 
of two forces : 

(i) the normal reaction N perpendicular to the road, 

(ii) the frictional force fp, acting towards C to oppose 
the motion of the base of the ladder. 

The ladder is in equilibrium. Hence, 

(a) taking moments of the forces about A (This is 
advantageous, since the moments of the unknown forces N 
and fy about A are zero). 

ZL=R, X BC—40 x AE 


- =R,x8—40x3=0 [ 3 TR ore 


R= des lb. wt. 


(b) ZF,—f,—R,-0 DE fp=Ri=15 Ib. wt. 
(c) EFy=N—40 lb. wt.=0 .. N=40 lb. wt. 
RUNE =v 108+ 1553-42-72 Ib. wt. 


<. 0=69°27 
.. The reaction of the road is 42°72 lb. wt. acting at 69°27’ to the road. 
(d) At the point of sliding, f, —uN 
where ».=co-efficient of static friction between the base of the ladder and the 
road. 
poh =D- 0:375. 


6:3. Resultant of Parallel Forces. 


The resultant of a system of parallel forces cannot be found by using the para- 
llelograni method, as such construction is not possible. The resultant can, how- 
ever, be determined completely as follows« : 


(i) Two like parallel forces: Let us consider two like parallel forces F, 
and F, [Fig. 6:6]. In order to find out their resultant, we remember that the 
sum of the components of the forces in any direction is equal to the component 
of the resultant in that direction. We take any arbitrary point O and draw a line 
Ox perpendicular to the lines of action of the forces. Let us also draw the line 
Oy normal to Ox. Oy is thus parallel to the direction of the forces. Since the 
two forces have no x-components their resultant R also must be so directed as to 
possess no component in x-direction and. hence should be normal to Ox. The 


—ÁTAL. bao $2 LEER E SE UL eee ee ee M puiEiuphE, 
The method is not a rigorous one, 
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resultant of the two forces is, therefore, parallel to them. Taking component 
along the y-direction, the magnitude of the resultant is given by. 
R=F,+F, otis = (6:4) 
If the perpendicular distances from O to the 
lines of action of F, and F, are given by x, 
and x, respectively, then. the algebraic sum of 
their moments about Q is given by xyF,--x,F;. 
If € represents the perpendicular distance 
from O to the line of action of R, then the 
moment of R about O is R=} (F,+F), 
Since the moment of the resultant about 


> 


any point equals the algebraic sum of the Fig. 66: Resultant of two 
moments of the component forces, we have like parallel forces 
R(F,3- Fy) X, F, + xF "E d (6:5) 
— Fit Fx, 5 
or, ou c um P zi (6:6) 


The resultant R is thus completely determined in magnitude, direction and 
line of action. 


We can write equation ( 6:5 ) ina slightly different way. 


Thus, Fi (x) =F, (x4—) 
i or, F,xXCA=F,x CB 
Fa CA n 
or, FCB i T (6:7) 


i. e., the line of action of the resultant divides the line AB in the inverse ratio of 
the forces. 


(ii) Two unlike parallel forces: 
When the forces F, and F(F;—F, are 
parallel and act in opposite sense [Fig. 6:7], : 
we can proceed similarly and find that 
the resultant acts in the same sense as that 
of the large one and its magnitude is 
given by the difference of the magnitudes 
ofthe two forces. Thus 


R=F,—F, 


The line of acti f R is gi 
Fig. 67: Resultant of two unlike des C OF ASROR OF f is givén by the 
parallel forces relation 


a Fon Foxy ii a (6:8) 
1—F 
or, by the relation, B y x (6:9) 
i. e., the line of action of the resultant divides the line AB externally in the 
inverse ratio of the forces, 
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(iii) Any number of like parallel forces: Arguments, similar to the 
finding of the resultant of two like parallel forces, lead us to the following con- 
clusions for the resultant in this case. The magnitude of the resultant is 

R=ZF ast ues (6:10) 
and the distance of its line of action from a point O on a line Ox drawn perpen- 
dicular to the line of action of forces, is 

ge ZFx _ 2Fe De isi (6:11) 


6:4. Centre of gravity. 

Weight of a body is defined as the force with which the earth attracts it ( vide 
Art. 8:4). This definition, however, says nothing about the point of application 
of this force. 

We can suppose a body to be built up of a large number of small particles, 
each having a definite weight w1, ws, ws...etc. [ Fig. 6:8]. Due to gravity each 
particle is attracted towards the centre of the earth with a force.equal to the weight 

of the particle.’ The centre of the earth being 

at a very large distance, all the forces can be 

` considered to be parallel to one another, i.e., 

they all act vertically downwards. The resultant 

of these parallel forces is the total weight W 

ofthe body, which acts vertically downwards at 

a definite point. This point is called the «centre 

of gravity ( written in abbreviated form as c. g.) 

x of the body. This point is fixed relative to 

the body because if we turn the body to a new 

Fig. 68: Centre of gravity position, the weights of the particles will remain 

of a body the same in magnitude and in direction. As 

thu system of the parallel forces thus remains unchanged, their resultant also 

remains unchanged in every respect and so passes through the same point as 
before. We may therefore define that— f 

The centre of gravity of a body is that point, fixed relative to the body, 
through which resultant force due to gravity always passes, whatever be the posi- 
tion of the body, so long as its size and shape remain constant. In other words, 
the centre of gravity is the point at which the whole weight of the body may 
always be supposed to act. 

A body can not have more than one c. g. To prove this, we assume that 
if possible, let a body possess two centres of gravity, G and G'. From the defini- 
tion of c.g. the line of action of the weight of the body should always pass through 
both G and G'. Since the weight always acts vertically downwards, this is not 
possible except for that particular position of the body when the line GG' is verti- 
cal, Hence the body can not have more than one centre of gravity. 


How to find the position of the c. g.? The position of the c. g. of a body 


can be determined analytically by adopting the procedure of finding the resultant 
of a system of parallel forces as discussed in the preceeding article, Let us con- 


STATICS 139 


sider the body in Fig. 6:8 as laminer and we imagine two mutually perpendicular 
axes Ox and Oy, the x-axis being horizontal, Then, if the coordinates of the 
particles of weights Wi, Wg»... be (xu y)» (Xe X9 respectively, the total 
weight W of the body is given by, 


W--wiwWg...... -Àw 
and from eqn. ( 611 ) the x-coordinate of the c. g. is given by, 
gam Mihi tweret wx | Zwx 00 : 
Wi TW... Zw W A (612) 


Ina similar way by rotating the body so as to make the y-axis horizontal, we 
can find the y-coordinate of the c.g. as 


Way aye... Zwy _ Zwy X ws (613) 


Centre of gravity of a regularly shaped body can, however, be located from 
symmetry considerations. For example, the centre of gravity of 
(i) a uniform straight rod is at the middle point of its axis ; 
(ii) a uniform circular lamina or sphere is at its geometrical centre ; 
(ii) a uniform annular ring is at the centre of the ring ; 
(iv) a uniform rectangular lamina is at the intersection of the diagonals ; 
(v) a uniform triangular lamina is at the intersection of the medians 
[Fig. 6:9] etc. = 
It should be noted that the c.g. of a 
body need not be in the body itself, as is O Gee 
? Ei A * A 
evident from the position of the c.g. of an g 


annular ring. 


If a body is suspended freely by a zz 
string, then 4t is in equilibrium under 7 
the action of two forces, namely, the jj 


tension in the string and its own weight í i i 

acting vertically through the c.g. From Paene RR eed DEA jf 

the condition of equilibrium, it is obvious 

that these two forces must be equal and opposite and must have the same 

line of action. Thus for equilibrium, the point^of suspension must lie on the 
vertical line through the c.g. 


The c.g. ofa thin sheet or a 
laminar body can be found 
experimentally as follows. The 
body is first suspended by a 
string from any point 4 [Fig. 
6:10(a)]. When the body is in 

(a) (b) (c) equilibrium, the vertical line 

Fig. 6:10: Experimental determination of c.g. - Bad (oca ea 
The body is then suspended from another point B [Fig. 6'10(b). Since as 
before, the c.g. also lies on the vertical line through B, it is, therefore, located 
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at the point of intersection of this line and the previous one. If we now hang the 
body from a third point C it will be found that the vertical line through C 
passes through the same point [Fig. 6:10(c]], thus verifying that it is the c.g. of 
the body. 


65. States of Equilibrium of a body. 


A body is said to be in a stable equilibrium position, when after it is slightly 
Riforas displaced from this position, the forces acting on 
=< it are such that the body tends to return to its ori- 
ginal position. A cone resting on its base provides 
an example of such equilibrium [Fig. 6:11]. 
When displaced slightly, the couple acting on the 
R cone tries to restore it back to its original position. 
A block resting on its side, a weight hung by a 
string, a ball inside a bowl, the beam of a balance 
Fig. 611: Stable equilibrium — etc. are all examples of stable equilibrium. 


A body is said to be in unstable equilibrium, when after a slight displace- 
ment from this position, the forces acting on : 
it tend to increase the displacement still : i Upsets 
further, so that the body does not return to \ 
its original position ; rather it goes far away 
from the original position. Thus, if a cone 
resting on its apex is slightly disturbed [Fig. 
6:12], the couple acting on it tends to increase 
the displacement; the cone upsets and the : : "e « 
equilibrium is said to be unstable. An egg Fig. 612: Unstable, equilibrium 
resting on its end, a stick balanced on the finger, a ball resting on the top of an 
inverted bowl etc. provide some examples of unstable equilibrium. 


A body is said to be in neutral equili- 
brium, when on being slightly displaced, the 
body remains in equilibrium also in the new 
position. A cone resting on its side provides 
an example [Fig. 6:13]. After a slight dis- 
Fig. 613: Neutral equilibrium placement, the weight and the reaction still 

act along the same vertical line ; hence the 
cone remains in equilibrium in the new Position. A sphere resting on a 
horizontal surface, a cylinder resting on its side, any body Supported at its c.g. 
etc., offer some examples of neutral equilibrium. 


STATICS 141 


6:6. Static equilibrium and potential energy. 

A careful examination 5f a body in stable equilibrium will show that in the 
displaced position of the body, its c.g. rises above the original position. Thus, 
displacement from the equilibrium position raises the gravitational potential 
energy (vide Art. 7:8) of the body. As the body returns tq its original position, 
its c.g. comes down and the potential energy decreases. So, when the c.g. 
occupies the lowest position or when the potential energy is minimum, the body is 
in stable equilibrium. In the case of unstable equilibrium, a slight displacement 
lowers the c.g. and thereby lowers the potential energy of the body. Hence, for 
a body in unstable equilibrium, its c.g. is at the highest possible position and the 
potential energy of the body is maximum. The body, therefore, always tends to 
move to a more stable position. Fora body in neutral equilibrium, its c.g. is 
neither raised nor lowered by a small displacement from this position i.e., the 
potential energy remains the same. The body thus remains stable in any position. 
6'7. Limit of stability. 

Let us consider the case of a cone resting on its base. When tilted slightly, 
the vertical through its c.g. passes through its base [Fig. 6'14(a)]. Its weight W 
and the reaction force R form a restoring couple and the equilibrium is stable. 

Ifthe cone is gradually tilted further on, a time will come when the vertical 


through its c.g. will pass through the supporting point of its base [Fig. 614(5)]. 


n 
1 
1 
1 
1 
p 


| 


UPSETS 


(b) 
Fig. 6141 Limit of stability 


Its weight Wand the reaction force R then act along the same vertical line 
opposite to each other. This is called the state of limiting equilibrium. 

Any further tilt will cause the cone to fall over on its side. This is so because 
the vertical through the c.g. falls in this case outside its base [Fig. 6:14(c)]. The 
weight W and the reaction R then form a couple which upsets the cone. 

Example 6:8. 4 machine part constructed of a homogeneous material has 
two parts, one being a disc of 10 cm. diameter and 1 cm. thickness and another a 
rod 6 cm. in diameter and 30 cm. long. Find the centre of gravity of the machine 
part. 

Solution : By symmetry, the c.g. lies on the axis and the c.g. of each part 
lies midway between its ends. Moreover, the weights of both the parts are 
proportional to their respective volumes. 

Now, the volume of the disc=2(5)*. 1 c.c. 
and the volume of the rodz(3)*. 30 c.c. 


'— AER 
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If the weight of the disc and the rod are W, and W, respectively, we have, 


We consider a system of co-ordinates with 
origin at the point Q on the left face of the 
disc and situated on its axis, which is taken 
as the x-axis, Then X1—0'5 cm. and Xq= 
16 cm. From equation (6:12) we get, 


3 P5 X05-EM, x 16 
Wi+kW, 
Thus, the c.g. of the machine part is on the axis at a distance of 14-7 cm to 
the right of Q, 


—147 cm. 


Solution: In the figure, the €g. of the whole disc is at G, its centre and the 
c.g. of the hole lies at its eontre Gu Eet G, bethe c.g. of the disc after the 
drilling of the hole. Symmetry Consideration shows that 
it must lie on the line of centres G,G produced. F urther, 
since the disc is uniform, its weight is Proportional to 
area. Let w be the weight of the disc per unit area, 

^. the weight of the whole disc=n(4)3 yy 
the weight of the removed hole=7( 1)2.y 
<. Weight of the remaining portion —a(4J* yy... 1. 
—Tw.l15 unit. 


Hence, weight 7.15 unit acts at Gs and a Weight mw unit acts at G,. But 


their resultant actsat G. ^ We have 
i 7W.l5x GG,— mw x GG, 
But GG,— x; GG,—1 cm., 
Thus the required c.g. is at G 
| line of Centres, in a direction awa 
Example 6:10. Calculate t 


x= cm. 


cylinder ABCD is placed on its 
When its height is 
nder just does not 
8- G passes through 


Then, Z AGE-angle ofthe plane 30». From A AGE 
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r l zr € 
“7 h=V3 r=44/3 


the maximum height=2h=84/3=13-856 cm. 


6:8. Centre of Mass, 


Ifa body be taken toa place where gravity does not exist, the concept of 
centre of gravity would have no meaning. Though the body would have no 
weight then, its mass would still exist. Since weight=mass x acceleration due to 
gravity (g), we note that the equations (6:12) and (6:13), can be written as follows 
in terms of the masses of the constituent particles, 


Emx my . 6:14 
E: Moo? d te ir (6:14) 
where M—m; 4-ms4-......— Xm Total mass of the body, m,, Manisri being the 


masses of the constituent particles, 


These equations always define a certain point, irrespective of the presence of 
the gravitational forces, and this point is called the centre of mass (abbreviated as 
c.m.) of the body. 


Thus, if we imagine a system of parallel forces acting on the particles in 
which a body may be supposed to be divided, the magnitude of the force on each 
particle being proportional to its mass, then the point at which the resultant of 
these parallel forces acts is called the centre of mass of the body- Hence, it is 
the point at which the whole mass of the body may be assumed to be concentrated. 
It is to be noted that for a body subjected to gravity, its c.g. and c.m. coincide, 


translational motion [Fig 6:15(a). If how- 
ever, the force acts at any other point, it will 
Produce both translational and rotational 
motion of the body [Fig, 6:15(b). Hence in 
considering pure translational motion of a 
body, we can assume that (i) its whole mass 
is concentrated at its centre of mass and (ii) 
the resultant of all the external forces is being 
applied there. This explains why in our Fig, 6-15: A force acting through 
earlier discussions on motion of a body, we the c.m, produces pure translation 
tacitly imagined it to be as a point mass, and the forces were taken to be acting 
at that point. Obviously this point is the cm. ofthe body. 


The centre of mass of a system of bodies may be found by assuming that the 
masses of the constituent bodies -are concentrated at the respective centres of 
masses and then, by applying relation (6:14), If the system be isolated i.e., if the 
net external force acting on the system be zero, the centre of mass of the system 
either remains at rest or continues to move with uniform velocity, though there 
may be internal forces acting on different bodies of the system due to internal 
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uniform velocity v [Fig. 6:16]. Atthe point A, it explodes, the fragments flying 
off in all directions (only two are shown in the figure). However, the centre of 
mass of all these. fragments would conti- 
nue to move along the same path with the 
same velocity y asif nothing had happened. 
Example 6:11. Two spheres of mass 
5 kg. and 15 kg. respectively are connec- 
ted by a light spring. The spring is 
stretched until the particles are 100 cm. 
apart. (i) Find the position of the centre 
. ofmass of the system as referred to the 
heavier sphere ; (ii) When the spheres are 
released, find the separation of the pair after the heavier sphere has moved a 
distance of 10 cm. from its rest position. 


Fig. 616: Motion of the centre of mass 


Solution: (i) Let the c.m. of the system consisting of the two spheres be 
located at C, at a distance € from Q, the position of the lighter sphere. 
Then from eqn. (6:14), the position of 
the c.m. is given by : 100cm. : 
5x0--15x100 1500 | 


Kenncco 75 Ch. PERO CUM i 


n e OTROS SSSI) 
iC 


Hence, the c.m. is situated at a distance 5k 15k 
of (100—75)=25 cm. from the heavier Y P: 
sphere. 


(ii) On getting released, the two spheres move towards each other under the 
action of the spring. Since no external force acts on the system, the c.m. of the 
system will remain at the same position. Measuring distance from the cm., let x; 
be the distance of the lighter sphere from the c.m., the distance of the heavier 
sphere being (25—10)=15 cm. 

Thus, x,x5—15x15 Or, X,—45 cm. 


Distance of separation of the pair—45-1-15—60 cm. 


E eii 62. Ee ^e balls of masses 1 kg. and 4 kg. are tied 40 cm. 
apart at opposite ends of a wire and thrown whirling into the air wi lar 
speed of 10 rad.[sec. Find the tension in the wire. Uo por old 


Solution : The balls rotate about their centre of mass which travels like a 


ojectile. Let t i 
PASEO d distance of the first ball from the c.m. be r ; so that of the 


"AL X0+4x 40 


r iri or, 5r—160 4. r==32 cm. 


Belo ieu NE 32 
ence, tension T=mw*r Ix 10 x ig newton=32 newton, 
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@ EXERCISE 6 
[A] Essay type questions 

1. Defineequilibrium of a body. State and explain the conditions under which forces 
acting on a body maintain it in equilibrium, Why is one called the conditions of translational 
equilibrium and the other the condition of rotational equilibrium ? 

2. What is polygon of forces ? Show that this expresses the first condition of equilibrium. 
A ball thrown vertically upwards is momentarily at rest when at the top of its path. Is it in 
equilibrium at that instant ? 

3. What is the condition for equilibrium of a body under three forces? State and prove 
the triangle of forces rule. 

4. State and prove Lami's theorem. Three equal forces acting at a point are in equilibrium. 
Show from Lami's theorem that they are equally inclined to one another, 

5. What do you mean by like and unlike parallel forces? Find the resultant of two like 
parallel forces and its line of action. 

Can there be a single force whose effect on a body is equivalent to the joint effect of two 
unlike parallel forces ? Explain your answer. 

6. Explain the meaning of the term ‘Centre of gravity. Cana body possess more than 
one centre of gravity ? Give reasons. 

7. What are meant by stable, unstable and neutral equilibrium? Explain with examples. 
What part does the centre of gravity play in defining the nature of equilibrium ?. Explain your 
answer with suitable illustrations. 

8. How is the static equilibrium of a body related to its potential energy ? Give 
illustrations. 

9. A body is held on an inclined plane. What factors would determine whether it would 
remain at rest or get upset ? Explain your answer. 

10. Show that a body freely suspended from a fixed point rests with its centre of gravity 
vertically below the point of suspension. 

How is the centre of gravity of a laminar body determined ? 

11. What is ‘centre of mass’? What is its difference with centre of gravity? When do 
centre of gravity and centre of mass of a body coincide ? State the importance of centre of 
mass. 

[B] Short answer type questions 


1. ‘It is possible that the centre of gravity of a body may lie outside the body'—Is the 
statement correct ? If so explain how it is possible. 

2. Show that for a body to be in equilibrium under the action of three non parallel forces, 
(i) these forces must be coplanar, (ii) their lines of action must intersect at a common point, 

3. Three forces are acting on a body simultaneously, two of them being of equal magni- 
tude, If these two forces act in opposite directions at different points, the body cannot remain 
in equilibrium. Why? 

4, ‘For a body executing a pure translational motion its mass may be assumed to be 
concentrated at its centre of mass’. Explain. 

5. Ifa force acting on a body be so directed that its line of action passes through (i) the 
centre of mass of the body, (ii) any point other than the centre of mass of the body, what 
would be the nature of motion of the body in each case ? 

6. Ifthe two arms of a common balance are unequal, how can you determine the true 
mass of a body with it ? 

7. A tradesman uses a false balance. The lengths of the two arms of the balance are l 
and /, respectively. He weighs out two customers W Ib. of tea as indicated by his balance. 
But in serving one of the customers he puts the weights in one pan while in serving the other 
he puts them on the other pan. How much does he gain or lose by this ? 

[ Model Questions, H. S. Council | 

8. Would the centre of gravity and the centre of mass of the Kutub Minar be identical ? 
Justify your answer. 
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9, A ping-pong ball is floating on the top of a vertical water jet. Isit in stable, unstable 
or in neutral equilibrium in the vertical direction ? [44.7.73] 
10. A man is standing against a wall with his right leg and right shoulder in contact with 
the wall. If he raises his left leg, then in doing so can he rcmain in equilibrium ? If 
not, in which direction he would lean ? 
11. Explain the following phenomena :— 
(i). It is dangerous to stand in the upper deck of a double decker bus. 
(ii) It is preferable to stand on two legs than merely on one leg. 
(ii) There is a type of doll that immediately returns to the sitting position if left in a 
lying position. 
(iv) It is better to carry load in two hands, than in one hand. 
(v) While an acrobat walks on a rope, he carries a long rod in his hand. 
(vi) A plumb line is used for determining the vertical. 
(vii) When a rod is suspended from its centre of gravity fit remains in neutral 
equilibrium. d 
(viii) A stick balanced on the finger remains in unstable equilibrium. 
(ix) The centre of gravity is fixed whatever may be the position of the body. 


[C) Simple Problems. 

1. A 60 kg. load is hung from a steel wire. (a) Determinethe tension in the rope if the 
load is held to one side with a horizontal force of 30 kg. wt. (b) Ifthe wire is 130 cm. long 
what horizontal force is required to hold the load at a distance of 50 cm. from the vertical line 
through the point of support. _ [ Ans. (a) 67:08 kg. wt. (b) 25 kg. wt. ] 

2. Two ropes X and Y suspended from the ceiling of a room holds a 50 kg. botly. Rope 
X makes an angle of 30° with the horizontal and the rope Y makes an angle of 60° with the 
horizontal. Find the tension in each rope. [ Ans, 43:3 kg. wt ; 25 kg. wt. ] 

3. Anelectric light fitting is supported in a room by means of wires respectively 4 ft. and 
7 ft. long attached to nails in the same horizontal plane in two opposite walls, the walls being 
9 ft. apart, If the fitting weighs 10 Ib., find the tension in each wire. [Ans. 6:96 lb, and 9:44 Ib.] 

4. -A light rod AB of length 12 ft. is hinged at A to a wall and carries a load 100 lb. at 
the other end B, The rod is kept horizontal by means of a rope one end of which is attached 
to the end B and the other end attached to a point on wall 9 ft. vertically above the hinge. 
Find the tension in the rope and the push of the rod. Neglect the weight of the rod, 

[ Ans. 166:67 lb, wt. and 133:33 Ib. wt. ] 

5. A uniform steel bar 5 ft. long weighing 60 Ib. is hinged at one end to a vertical wall 
and supported by a wire from the other end toa point on-the wall 12 ft. vertically above the 
hinge. Find the tension in the wire and the reaction of the hinge. 

[ Ans. 32:5 Ib. wt. ; 32:5 Ib, wt. directed 67°23’ with the horizontal ] 

6. An advertising sign weighing 20 1b is suspended at the end of a horizontal bar weighing 
5 Ib. and 6 ft. long. Tho bar is hinged to a vertical wall at the other end and is kept horizontal 
by a wire fastened to its mid-point and to a point on the wall 4 ft. above the hinge. Calculate 
the tension in the wire. [ Ans. 56°25 Ib. wt. ] 

7. Auniform plank 4 m, long and weighing 40 kg. is supported horizontally by two 
vertical ropes hung from its ends, Find the tension in each rope when a 60 kg. painter stands 
1 m. from one end. [ Ans. 65 kg. wt. ; 35 kg. wt.] 

8. Ametrescale balances about its mid-point. A weight of 60 gm. is hung at 25 cm. 
mark, What weight must be hung from 65 cm. mark for the scale to be in equilibrium ? 

{ Ans. 100 gm. ] 

9, Two men carry a block of stone of weight 150 kg. on a light plank. How must the 
block be placed so that one of the men should bear a weight 100 kg. more than the other ? 

[ Ans. The stone must be placed on the plank at a point dividing it in the ratio 1 : 5] 

10. A light horizontal plank of length 3 m. on which is placed a load of 15 kg, at a point 

1 m. from one end, rests on supports at its ends, If the load be removed from its position and 
placed at the middle of the plank, find by how much the pressure on each support is altered. 

[ Ans. 2:5 kg. ] 
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11. If three men support a heavy triangular board of weight W at its three corners, how 
much weight is supported by each man? [ Ans. Each man supports a weight iW] 
12. A V-shaped trough whose sides form an angle of 60° contains a sphere weighing 200 

gm. What isthe normal force exerted by the sphere on each side of the trough ? 
[ Ans. 200 gm. wt. } 

13. A ladder AB 13 ft. long and weighing 90 1b. with its centre of gravity G 3 up, rests 
with one end A on the ground and the other end B 12 ft. above the ground and against a 
smooth vertical wall. Find (a) the reaction of the wall (b) the frictional force due to the 
ground (c) the reaction of the ground. 

If the ladder is at the point of sliding, find also (d) the co-efficient of static friction between 
the base of the ladder and the ground, 

5 [ Ans. (a) 15 Ib. wt. (b) 15 Ib. wt. (c) 91-24 Ib. wt. at 80°36’ with the ground (d) 0:167 ] 

14. A uniform ladder weighing 50 Ibs. and of length 24 ft. rests on a rough ground against 
a smooth vertical wall and makes an angle of 60° with the horizontal. A man weighing 120 Ib. 
is on the ladder at a point 16 ft. from its base when the ladder begins to slip. Findthe co- 
efficient of friction between the base of the ladder and the ground. [ Ans. 0:3566] 

15. A force P acting parallel to the length and a force Q acting paralle] to the base of an 
inclined plane are able while acting singly to support a weight W on the plane. R and S are 
respectively the forces of reaction acting on the weight. Prove that 
$E - and R$ W: 

16. An object is weighed on a balance whose pans are not equalin weight. When placed 
in the left hand pan, the object appears to weight 10:2 gm. But when placed in the right hand 
pan it appears to weight 10-42 gm. Find : (a) the correct weight of the object; (b) the diffe- 
rence in the weights of the pans. ( Cambridge Univ. ) [ Ans. (a) 10:31 gm. (b) 0:11 gm. ] 

17. Aradio antenna 1 m, long consists of 4 uniform tubes joined together. The rods are 
each 25 cm. long and weigh respectively 30 gm., 40 gm., 50 gm. and 60 gm. Find the distance 
of its centre of gravity from one end. [ Ans. 56:945 cm. from 30 gm, end ] 

18. Adisc of uniform density and radius 20 cm. has a circular hole of diameter 20 cm. 
whose two extremities touch the circumference and the centre of the disc, Find the centre of 
mass, [ Ans. 3:33 cm. from the centre of the disc away from the centre of the hole ] 

19. A non-uniform rod remains horizontal when a load of 10 kg. is applied at its one end 
and the fulcrum is placed 2 m. away from that end. The rod is also found to remain horizontal 
when!theload at the same end is 4 kg. and the fulcrum is3 m. away. Find the weight of 
the rod and the position of its centre of gravity. [ Ans. 8 kg. ; 4:5 m. from the loaded en ] 

20. Prove that the c. g. of three particles of equal masses placed at the vertices of a triangle 
is the same as that of the triangle. 

21. Two cylinders of the same material and of the same length 10 cm. are joined together 
to have a common axis, Their diameters are 6 cm. and 3 cm. respectively. Find the c.g. of 
the combination, [ Ans. On the axis, 2 cm. from the c. g. of the first ] 

22. A cylinder of diameter 4 cm. and height 16 cm. is placed on its base on a rough hori- 
zontal board. The board is then slowly titled. Find the inclination of the board to the 


horizontal when the cylinder just gets upset, [ Ans. 142/] 
23. Two bodies of mass 2 gm. and 8 gm. respectively are placed 15 cm, apart. Find their 
centre of mass. [ Ans. 3 cm. from the second body ] 


24. Two skaters of masses 60 and 80 kg. respectively, stand facing each other 7 m. apart. 
They then pull, hand over hand, on a light rope stretched between them, How far has each 
moved when they meet ? Neglect friction. [4ns. 4m. and3m.] 

25. Showthat the centre of mass of two particles is on the line joining them at a point 
whose distance from each particle is inversely proportional to the mass of the particle. 

26. The distances between the centres of the earth and the moon is about 60 times the 
radius of the earth. The earth is about 76:923 times massive than the moon. Find the dis- 
tances of the centre of mass of the earth-moon System from the centre of the earth. Given, 
radius of the earth 64 x 10¢ m, [ Ans. 493x105 m] 
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27. Two bodies initially at rest, move towards each other under a mutual attraction. Find 
the speed of the centre of mass of the system at the instant when the speed of A is V and the 
speed of B is 2V. [ Ans. Zero] 

28. A dishonest grocer uses a false balance having ratio of the arms 6:7. He weighs 
out to his customer 7 kg, of sugar by the balance to his own advantage. But at this stage the 
customer detects the fraud and the grocer now agrees to weigh out another lot of 7 kg. with 
the same balance using into the customer’s advantage. Is the compensation exact ? If not, 
who gains ahd by how much ? [ Ans. No ; Customer gains by 167 gm. ] 

29. A uniform cube of side a and mass m rests on a rough horizontal table. A horizontal 
force F is applied normal to one of the faces at a point that is directly above the centre of the 
face, at a height = above the base. Find the minimum value of F for which the cube 


begins to tip about an edge. Assume that the cube does not slide, [Ans. mg] 

30. A car weighing 4000 kg. has a wheel base ( distance between front and back axles ) 
of 36 m. Its c. g. is located 2 m. behind the front axle, Determine the force exerted on each 
of the front wheels (assuming equal) and the force exerted on each of the back wheels ( also 
assuming equal ). [ Ans. 1111 kg. wt. ; 889 kg. wt. ] 


31. A circular plate of uniform thickness has a diameter of 
56cm. Acircular portion of 42cm. is removed from one edge of 
the plate as shown in the figure. 


Find the position of the centre of mass of the remaining portion. 
(4. I. T.'80) 


{WV { Ans. 9cm. from the centre of the plate on the line joining the 


; centre of the plate and the centre removed portion 
Le 42 CM on the side opposite to the centre of the removed 
portion ] 


32. A passenger of weight w moves a distance a from the front to the rear of a bus. 
Show that a weight wa/b is transferred from the front springs to the back springs where 
b is the distance between the axles ( i. e., the springs ), 


[D] Harder Problems 


1. A uniform timber is carried by three men, one is holding the timber at one end and the 
other two support it by means of a cross-bar placed underneath, At what point of timber 
must the bar be placed so that each may carryjone-third of the weight of the timber 1 

: [ Ans. } length from free end ] 

2. A body weighing 10 kg. is supported by two strings attached to it. If the direction of 
One string be at 30° to the vertical, find the direction of the other in order that its tension may 
be as small as possible. Find also the magnitude of the tensions in the two strings in this case. 

j [ Ans. 60° to the vertical ; 54/3 kg. wt. ; 5 kg. wt. ] 

3. A thin heavy uniform rod 1 m. long has a right-angle bend at à ate 7 cm. dried one 
end and can turn freely in a vertical plane about a pivot at the bend. When a load of 3 kg. is 
attached to the rod at the end of the shorter arm, the bend rod comes to rest with the shorter 
arm making 45° with the horizontal. Determine the weight of the bar [ Ans. 2kg. ] 

4. The lengths of the left and right arms of the beam of a balance are 10 cm. and 10-5 em. 
respectively and the beam balances when no scale pans are attached. The beam also balances 
when wo "ue pans of unequal weights are attached. Now, an object is put on the right hand 
weight ar the abeat. e ee welshi amibe lat band pan, wit ie te tu 


[ Ans. ł m. from A; 14, m. from BJ 
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6. A balloon just remains on the ground when carrying a load of 100 kg. After being 
unloaded it rises being tied to the end of a cable and finally remains steady with the cable at an 
angle 30° to the vertical, If the balloon is acted upon by a horizontal wind, find the tension 
in the cable and the force of the wind on the balloon. [ Ans. 115:4 kg. wt. ; 57:7 kg. wt. ] 

7. Auniform plank 6 metre long and weighing 60 kg. leans against a smooth vertical wall 
and stands on the level concrete floor having a co-efficient of sliding friction equal to 0:3, Find 
the distance of the plank from the wall at which it will just start to slip. 

( Jt Entrance '79 ) [ Ans, 3:09 m. } 

8. Auniform ladder 5 m. long and weighing 20 kg. rests with one end onthe rough 
ground and the other end against a smooth wall. The ladder makes an angle of 60» with the 
ground, and the co-efficient of static friction between the base and the ladder is 0:25. How far 
can a 50 kg. boy go up the ladder before it begins to slip ? [ Ans. 2:03 m. } 

9. A paper covered book, 10 cm. broad when closed has 200 pages, that is 100 leaves, 
including the cover. Show that as each page is turned by a reader, the centre of gravity of the 
book shifts one millimetre to the left. [ Oxford Univ. ] 

10. A metal square of uniform thickness and side 18 cm. is divided into four equal triangles 
by drawing the diagonals and one of the triangles is then cut out. Find the position of the 
€. g. of the remainder. [4ns. 2cm. away fromthe vertex of the removed triangle ] 

11. A square plate of uniform thickness and side 12 cm. has one corner removed along the 
line joining the middle points of two adjacent sides, Find the c. g. of the remainder. 

[ Ans. On the diagonal and 0:808 cm, from the centre of the original square } 

12, Three masses 2 gm., 3 gm., and 5 gm, are situated at the corners of an equilateral 
triangle with sides 5 cm. long. Find the centre of mass. 

[ Ans. 3:5 cm. and 2:18 cm. from 2 gm. and 5 gm. masses respectively ] 

13. Astring 120 cm. long passes through a smooth ring of mass 100 gm. The ends of the 
string are attached to two fixed points 4 and B 60cm, apart at the same level. The ring is 
now acted upon by a horizontal force F which holds it in equilibrium vertically below B. 
Find the tension in the string and the magnitude of F. [ Ans. 62:5 gm. wt. ; 50 gm. wt. ] 

14. A table has a heavy circular top of radius 1 m, and mass 20 kg. It has four legs of 
length 1 m. fixed symmetrically on its circumference. 

(i) What is the maximum mass that may be placed anywhere on the table without 
toppling the table ? 

(i) What is the area of the table-top over which any weight may be placed without 

toppling it ? (IL T. 74) [ Ans, 4831 kg ; 2m*] 

15. A length 3 m. of a uniform plank 10 m. long and weighing 70 kg, projects over the 

side of a quay. What minimum weight must be placed on the end of the plank so that a man 
weighing 70 kg, may be able to walk on the other end without the plank tipping over ? 
[ Ans. 10 kg. ] 

16. Two uniform beams 4B and BC each of length L and mass M gm. are hinged smooth- 
ly together at B, and a light inextensible string of length [4/2 is tied between their midpoints 
Dand F. The beams stand in a vertical plane with points A and C resting on a smooth 
horizontal plane. 

(a) Show all the forces acting on both rods. 

(b) Calculate the tension in the string. Q. I. 7.71) E Ans. (b) Mg] 

17. A smooth fixed hemispherical bowl with smooth horizontal rim contains a particle of 
mass 90 gm. which is attached to another particle of mass 15 gm. by means of a light inexten- 
sible string passing over the rim of the bowl and hanging vertically. Prove that in the position 
of equilibrium the radius through the first particle makes an angle sin? (3) with the vertical. 
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1 WORK, ENERGY AND POWER 
CHAPTER 


7:1. The concept of work. 


The term work, commonly used in connection with widely different activities, 


is restricted in physics to cases in which a force acting on a body causes displace- 
ment to that body. 


Let us consider the following cases. Suppose a man lifted a suitcase and held 
it on his shoulders fora long time. The physicist will argue that he did work in | 
lifting the suitcase, for he applied force against gravity causing the displacement 
of the suitcase from the ground upto the height of his shoulder. But though he 
might become very tired holding it for a long time on his shoulders, in the scientific 
sense, however, he did not perform any work, since there was no displacement of 
the suitcase. Imagine the amazement on the tired face of the greek God Atlas, 
who spent his time supporting the world on his shoulders, when a scientist tells him 
that he is not at all doing any work, because he is exerting only an upward force 
on the world without moving it. 


Work done is measured by the product of the force and the corresponding 
displacement along the direction of the force. Thus, ifa force F acts on a body 
and ifthe body undergoes a displacement s in the direction of the force [Fig..7:1 
(a)], the work done 

W--Fs ^. Es) 

In general, however,the line of action of the force, and the direction of displace- 

ment do not coincide. In that case, the work done is defined as the produci of the 


H See i 


(9 eee ec qus e 
F akut Fcos0 
jac 


s= Neg es 


(a) 


Fig. 7:1: Work done by ajforce 


magnitude of the displacement by the com 7 7 
ime. eee € ponent of the force in the direction of the 


an e (72) 
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Obviously, when the force and the corresponding displacement are in the same 
direction, i.e., when 0:0, this expression reduces to the previous one. 


On the other hand, if 0—90?, cos 0—0 and W becomes equal to the zero. No 
work is, therefore, done when the displacement occurs at right angles to the 
applied force. 

Although work is the product of two vector quantities, force and displacement, 
it is itself a scalar quantity. This provides an example of the product of two vectors 
being a scalar. 


‘Work done by a system of forces: If a body isacted upon by several 
forces, then the work done by the system of forces isthe sum ofthe individual 
work contributions by the various forces acting on that body. This can be shown 
to be equal to the work done by the resultant of this system of forces. 


*No-Work" forces: It frequently happens that one or more of the system 
of forces is perpendicular to the displacement of the body. For example, the 
force of gravity mg and the normal reaction N on 
the block B moving in a horizontal plane [Fig. 
7:2] do not influence its motion. Hence they do 
not contribute anything to the work done. The 
reason is very simple. As the block moves 
horizontally, the components of the gravitational 
force and of the reaction along the direction of 
displacement become zero because for both of 
them 0=90°. These forces are, therefore, said to 
be ‘no-work’ forces. “No-work” forces, then, are 
these which are perpendicular to the direction of 
motion of a body and so do not contribute anything to the work done in such 
motion. 


Work done along a curved path: In the most general case of a body 
moving in a curved path under the action 
of a variable force, we should divide the 
whole path intoa large number of very 
small intervals As; Assy... AS, which 
can be regarded practically as straight 
lines [Fig. 7:3]. Since the intervals are 
very small, the force along each of them 
may be taken as constant in direction and Fig. 7.3 Work done along a 

F : ] curved path 
magnitude. Thus if Fy, Fy...F, give the 
magnitudes of the forces for the corresponding intervals, and 9,, 6,...0, be the 
angles made by the respective forces with the path intervals, the total work done 
is given by, 
W=F, As cos 6,+ Fi AS cos 0,4- see +F, AS, cos 6, 


n 
-/hAn cos 0 m v (7:3) 


Fig. 7:2: No-work forces 
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If the number of intervals is increased indefinitely, each interval being made 
infinitesimally small, this process of summation becomes equivalent to the process 
of intégration and the total work done can be expressed as, 

W=J F cos 6 ds 
72. Units of work. 

(a) The Absolute Unite: Unit work is done when unit force produces 
unit displacement along its line of action. The C.G.S. absolute unit of work is the 
erg and is defined as the work done when a force of 1 dyne acts through a distance 
of 1 cm. 

Since erg isa very small unit, the practical unit is taken to be Joule, where | 
Joule=10" erg. 

In M.K.S. system, newton-metre (n.m) is the absolute unit and is defined as 

` the amount of work done when a force of 1 newton acts through a distance of 
] metre. 
1 newton-metre—1 newton x ] metre 
—10* dyne x 10* cm.—10* erg—1 Joule. 
In F.P.S. system, the absolute unit of work is foot poundal. When a force of 
1 poundal acts through a distance of 1 foot, it does 1 foot poundal of work. 
1 foot poundal=1 poundal x | ft. 
=13825 dyne x 30°48 cm. 
—4:214 x 105 erg (approx.) 

(b) The Gravitational Unit: In C.G.S. system, gravitational unit of work 
is $m. cm. andis defined as the work done in lifting a mass of 1 gm. through 
a height of 1 cm. on the earth's surface. Since the force involved is 1 gm.-wt. 
l gm. cm. of work is done when a force of | gm. wt. acts through a distance 
of | cm. 

In F.P.S. system, the corresponding unit is foot pound, and it is the amount 
of work done in raising a mass of 1 Ib. through a height of 1 ft. on the earths 
surface i.e., itis equal to the work done by a force of 1 Ib. wt. acting through a 
distance of | ft. 

] ft. Ib.—1 Ib. wt. x 1 ft. 
—32 poundal x 1 ft. —32 ft. poundal. 
—32x 4214x 105 erg—1:356 x 10" erg 
—1:356 Joule 


Example 7:1. A 60 kg. box is pushed 200 cm. across a flo 
1 . or agal, 
resisting force of 40 dyne. How much work is done ? aret 


Solution : ; The work done against the force of friction of magnitude 40 
dyne in producing a displacement of 200 cm. is given by eqn. (7:1) as, 
W=F.s=40x 200 dynex cm.—8 x 108 erg. 
The force due to the weight of the body, being perpendicular to the direction 


of the displacement of the box, is a ‘no-work’ f i 
contribute anything to the work dene. force. Hence this force does not 


Example 7:2. 4 block of ice is drawn th 

i / rough a distance 5 

smooth horizontal surface. The pull in the rope is 100 dyne 2 de Patre ; 
the rope and ground is 30°. Find the work done. io ea 
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Solution: Here F—100 dyne, 6=30°-and s=500 cm. 
Then applying eqn. (7:2), we get, 
W=Component of the force parallel to the displacement x displacement 
=(F cos0)x s=(100 cos 30°) x 500=43300 erg. 
7:3.. Work done by and against force. 


Work is said to be done by.a force when its point of application moves in the 
direction of the force. Whena body falls from the top of a tower, work is done 
by the force of gravity since the direction of the force and that of motion are in 
the same sense. This work is also termed as ‘negative-work.’ 

On the contrary, work is said to be done against a force, when an external 
agent causes a body to move against the direction of the force acting on that body. 
For example, when a man raises a suitcase against its weight he does work ` against 
that force. Dragging a body on a rough horizontal surface also provides another 
cxample of work done against a force, since frictional force always acts opposite to 
the direction of motion. This type of work is also called ‘positive-work’. 


T4. Graphical representation of work. 


Ifthe component of the force in the direction of displacement, is plotted 


against displacement, the area under the curve will represent the work done by 
the force. Thus, if under the action of a 


constant force, a body gets displaced from 
X, to Xg the curve will be a straight line 
parallel to the x axis (shown in the 
Fig. 74 by a heavy line). The area of 
the rectangle formed by the line and the 
x-axis and the two ordinates at x, and 
Xa evidently gives the work done in this 


Force 


— 
process. Xi X2 Displacement 
If, however, the force varies conti- Fig. 74: Diagram of work done 

nuously, the curve may be of any shape by a constant force 


[Fig. 7:5]. The above assertion is still true. We consider a very small 
displacement Ax of the body, such that 
the variable force F remains practically 
constant during such displacement. The 
product FAx which gives the work done 
during the displacement Ax, represents 
the area of the horizontally shaded strip. 
We can imagine the displacement from x, 
to x, as made up of a very large number 
of such small displacements Ax, for each 

Displacement of which the product FAx can be compu- 
ted. The total work done can be obtained 

Fig. 75: Diagram of work done by summing over all such elements and is, 
A ie aic thus, given by the area included between 
the curve and x axis, and the two ordinates at x, and xs. 


Force 


X 
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7.5. Work done by a couple. 


Let a couple P, P act ona body as shown in the Fig. 76. If AB be the 
perpendicular distance between the lines of action of the forces, the moment of the 
couple is 


uU 


Yæ- 


PXAB=Pxa, where AB=a. 


Let us suppose that this couple causes the body to rotate through a small angle 
A about an axis through O, perpendicular to the plane of the paper. The 


x TU 


Fig. 76: Couple perfor- 
ming work 


Points 4 and B describe the arcs 4C and BD 
in this process. Evidently, ‘AC=OA.A0 and 
BD—OB.A6. 

Since A6 is small, we can regard the arcs 
described, as Practically straight, Hence, work 
done by the force p acting at A=force x 
displacement=P.AC=P.O4. A 9. 

Similarly, the work done by the force P acting 
at B=P.OB. A 0. 

The total work done by the couple as the 
body rotates under its action through an angle 
A9=P.OA.A8+ P-OB.N6— P(OA +. OB).A0 = 


P.AB. A0— P.a. A6— Moment of the couple x angle of rotation. 


Work done— Mom 
This is, thus, independ 


occurs. 


Fora complete rotation, 
the angle through which the 


ent of the couple x angle of rotation, 
t of the position of the Point O about which rotation 


angle of rotation=27 ; so for n complete rotations, 
body rotates—2n7, 


Hence, work done for n complete rotations 
—2rn x Moment of the couple sss A (7:4) 


76. Energy. 


body or a system of bodi 
Diffe 


(1) Mechanical, 
(7) Chemical, (8) 
one to other and 


S can do. 


ifferent types of energy can be broadly classified under the following heads : 


[vide Art. 7-13), 


by dint of its motion, configuration or both. Hence, 
mechanical energy, viz, (1) Kinetic energy and (2) Pote 


77. Kinetic energy, 


$ in such transformations, the total energy 
constant, This law of conservation of energy will be discussed 


(2) Heat, (3) Light, (4) Sound, (5) Magnetic, (6) Electrical, 
Nuclear, 


All these forms of energy are mutually transformable 


always remains 
later in detail 
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forces, before coming to rest gives the measure of its kinetic energy. Hence, 
kinetic energy is expressed in the same units as those of work. The placid mass 
of water in the reservoir of a hydel power project is itself unable to drive a 
dynamo ; but water gushing out of the bottom of the reservoir with a high 
velocity easily drives a dynamo. Due to the high velocity, the outflowing water 
has high kinetic energy, which is then used up in driving the dynamo. 

A hammer driving a nail into some substance (e.g. wood) provides a good 
example of kinetic energy possessed by a body. It is a common experience that 
in order to drive the nail, the hammer must be struck on it with a high velocity ; 
the same hammer left simply in touch with the nail for eternity would not produce 
any effect. The kinetic energy of the hammer is thus used up in over-coming the 
resistance of the material to the nail. 

As the motion of a body may be of two types viz., translatory and rotatory, so 
also its kinetic energy may be either translational or rotational or both. Example 
of translational kinetic energy is that of a freely falling body, while the energy of 
a rotating fly-wheel is purely rotational. The kinetic energy of the wheels of a 
moving car, or of a moving football, is both translational and rotational. 


Calculation of kinetic energy of translation. 
Let us consider a body of mass m moving with a velocity u at any instant. 
If a constant force P opposing the motion be impressed upon it, the body 
decelerates and comes to rest after traversing a distance say, s. If the uniform 
retardation produced be f, then, 
P=mf ; 
Also, 0O=u4?—2fs Jo w=2fs. 
Since the work done against the force as the body comes to rest gives a 
measure of the kinetic energy, we have, 
Kinetic energy of the body — E, —force x distance— P.s—mf.s 
ms mu? (in absolute units) Y (7-5) 
s 
Thus, the kinetic energy of a moving body at any instant is given by half the 
product of its mass and the square of its velocity at that particular instant. 
If under the action of a force P the velocity of the body increases from u to v, 
the distance covered during the interval being $, then, 
2. 
y-—u-2fs on s=} a 
-, Work done by the forcem Pam mf som E —imy—ime 


—Final K.E— Initial K.E. 
=Increase of kinetic energy of the body su (7:6) 
So the increase of kinetic energy of a body is equal to the work done by the 


impressed force. t 
Sometimes the K.E of a body is conveniently expressed in terms of its 
momentum. As we know, momentum p of the moving body is given by, 
p=mu e 
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25,2 2 7:7 
K.E. of the body E, {m= 7 — P- s (7:7) 


7:8. Potential Energy. 


Potential energy of a body is defined as the energy possessed by it by vigtue of 


its position or configuration, Potential energy is measured by the amount o vork 
that is available when the body returns from its present position or enen on 
to some standard position or configuration, usually called the zero posi p 
configuration. It is, therefore, expressed in the same units as those of work. 


i aised through a certain finite height, work is done against. the 
s p pec “This Tub stored up in the body in its new elevated position 
as potential energy. If it is now allowed to descend again to its former level, it 
can do work ; it can raise another weight or it can compress a spring or if allowed 
to fall freely, it can drive a pile through some distance into the ground or can 
demolish something it hits. 

When a watch is wound, work is done; its spring jhen possesses potential 
energy and while returning to its natural shape, it does work in moving the 
balance wheel of the watch. Similarly, any stretched or compressed spring, the 
stretched string of a bow, compressed steam in the boiler of a locomotive etc. 
are said to possess potential energy. In returning to their normal configuration, 
each one of them can do work. It should be noted, from the previous example, 
that the body acquires this capacity by virtue of work done on it previously. 


Another important thing should be mentioned in this connection. A body or 
more correctly, a system of bodies, remains in a state of stable equilibrium only 
when the potential energy is minimum for that state or configuration. If not, the 
state is unstable.. When allowed to move freely, the system always returns to the 
position of minimum potential energy. Thus a raised weight when allowed to 
move freely, always goes downward; a stretched spring always shrinks ; 
compressed gas always expands. 

Gravitational Potential Energy : 

a raised object is called gravitational po 
usually taken as the surface of the earth, 


The particular kind of potential energy of 
tential energy. The zero configuration is 
which is also called the reference level. 

The gravitational potential energy of a body of 
mass m raised to a height h above the surface 
of the earth can be easily calculated. The force 
F acting on the body is its weight mg; hence as 
the body is raised against this force through the 
height h, its point of application also gets displaced 
by the same amount. Hence, 

the work done=force x displacement-=mg.h 

Fig. 77: Gravitational This work is stored up as potential energy of 


potential energy the body and can be regained by dropping the 
body back to the ground. Hence by definition, 


Potential energy —mgh (in absolute units) 


(7:8) 
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It should be noted this equation has been deduced assuming A to be small 
compared to the radius of the earth so that g may be taken as constant over the 
distance h. i 

The above equation is valid even if the body is not raised straight upward to 
the height A, but if carried there by any other path. We shall prove this statement 
only for the simple case when the body 
is pulled up a frictionless inclined plane 
to the height h [Fig. 7-8]. As the body 
of mass m is pulled upwards along the 
plane, work must be done against the 
downward component of its weight mg 
along the plane viz. mg sin 0. The 
other component mg cos 0 being normal 
to the direction of displacement, does Fig. 78: P.E. is independent of the 
not contribute anything to the total path by whichthe body is raised 
work done. If the body is raised to the point B which is at a height BC=h 
above the ground, 

the total work done=force x displacement 

—mg sin 0x AB=mg x AB sin 0—mg x BC—mgh. 

By definition, this is the potential energy of the body, which is the same as that 
obtained before, when the body is pulled straight up through a distance h. 

As mentioned earlier, gravitational potential energy must always be specified 
with respect to some reference level. The expression, mgh, for gravitational 
potential energy, implies that its value is zero when h=0, that is when the body 
is at the reference level. However, the choosing of the reference level is purely 
arbitrary, since in any practical case, one is concerned only with difference in 
potential energy, which is independent of the reference level. The floor of the 
laboratory, or the top of the table may also be taken as reference level. It is 
also evident that the elevation of earth's surface, which is usually taken as 
reference level, varies from place to place. 


Potential energy of a body may also 
be negative [Fig. 7:9]. Located at any 
point above the reference level, a body 
has positive potential energy ; at points 
below that level, it has negative potential 
energy. Suppose position B is on the 
reference plane. In lifting the mass m 
from B to C, work is done. In returning 
from C to B the body releases energy. 
Similarly, in going from B to 4, the 
body releases energy and in the end, 
it would evidently possess smaller 

Fig. T9: P.E. may be negative amount of energy at A than that at B. 
The energy at the. point B on the reference plane is regarded as zero. The 
energy at A is therefore negative. To raise it again to B, work must be done to 
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supply the necessary energy. Thus, with earth’s surface as reference level, 
an object lying inside a mine has negative potential energy while an object on 
the top of a nearby building has positive potential energy. 


Example 7:3. 4 body of mass 5 kg. is raised 100 cm. Find the work done. 


Solution : From eqn. (7:8), we have 
W=mgh=5 x 10? x 980 x 10? erg 
—49 x 10" erg—49 Joule. 

Example 7:4. A pump discharges 500 litre of water per minute through a 
large nozzle into a tank 10 metre above the ground. Calculate how much useful 
work is done by the pump in 1 hr. ? 

Solution : 500 litre of water weighs 500 kg. Amount of water lifted to the 
tank in 1 hr.—500 x 60—3 x 10* kg. 

From eqn. (7:8), we have for work done in 1 hr., 

W=3 x 10*x 9:8 x 10 Joule, where g—9:8 m/sec.? 

—2:94 x 10° Joule. 


Example 7:5. A wellis 50 feet deep and 8 feet in diameter, and is full.-of 


water. Calculate the work done in pumping the whole of the water-upto-the 
ground level. 


Solution : The volume of waters x50 


Since the density of water is62-5 Ib./cu. fi, hence the total mass of water 


pumped out—87 x 62:5 x 10? Ib. The c.g. ofthe water column lies 50/2=25 feet 
below the ground. 


*. the work done in pumping=P. E. gained=8r x 62:5 x 102 x 25 ft. Ib. 
73:924 x 106 ft. Ib. 
Example 7:6. 4 train of mass 1000 kg. is running at 60 km. per hour. 
Calculate (a) the work done to bring it to rest, and (b) what distance it will move 
before coming to rest if a braking force of 1000 newton is applied to it ? 
Solution: (a) Here m=1000 kg.=10° gm. 
=60 km.fhr.—1:67 x 10° cm./sec., v=0 
If F be the force applied to bring the train to rest which ive 
ede dee produces a negative 
fey. fore 
mf f= E 


We have from the eqn., V—u?+2fs, since yz0, 


0—ut —R so. F.s=imu? 

But Fs=W. .. We have, W—imu 
—1x105x2-78 x 108 

—1:39x 101* erg — 1-39 x 105 Joule. 


WORK, ENERGY AND POWER 159 


^ 12 
(b) s= Ha! d [^ 1 newton=10 dyne] 


—1:39 x 104 cm.=139 m. 


Example 7:7. 4 bullet of 50 gm. is fired with a speed of 100 cm.|sec. from a 
gun weighing 10 kg. Calculate (a) the kinetic energy of the bullet and the gun ; 
(b) the average resistance that the bullet will experience when it penetrates a dis- 
tance 50 cm. into a sand bank. 


Solution : (a) From eqn. (7:5), the kinetic energy of the bullet 
=¢4x 50 x (1 x 102)2—2:5 x 105 erg. 
Momentum of the bullet—50 x 1 x 102 gm. cm./sec. 
From the principle of conservation of momentum, 
momentum of the gun=momentum of the bullet 
But the momentum of the gun—10x 10? gm. x y, where y is the velocity of 
recoil of the gun. 
or, 10*xy—50x 102 
v=0°5 cm/sec. 
kinetic energy of the gun=4 x 10x 10° x (0:5)? —1:25 x 10? erg. 
(b) Let W represent the work done by the bullet in penetrating through the 
distance s against the resisting force F. Obviously, W is the initial kinetic energy 
of the bullet just before penetration. Then we have, 


W=F. s 
Fa_W__ 25x10 =5000 dyne 
ri 50 


79. "Transformation and conservation of Mechanical Energy. 

In the course of its motion, a body might possess both kinetic energy by virtue 
of the motion and, potential energy by virtue of its position. For example, a ball 
thrown upwards or a flying aeroplane possesses both kinetic and potential energies. 
The total mechanical energy of such a body is the sum of both these energies. 

Total energy, Ez—Eg-- Ep : T 

In many mechanical processes, kinetic 
*nergy of the system is converted into its H 
Potential energy or vice versa. Examples of 
Such transformations of mechanical energy 
from one form to another are frequent. If h 
a ball of mass m is thrown vertically upwards 
[Fig. 7-10] with a velocity v, from a horizon- 
tal plane taken as the reference, then initially 
it starts with a kinetic energy $m», the 


(7:9) 


MaximumEp =mgH,E,=0 


ExtEp=mv°+mgh 


Potential energy being zero. As it goes nhl a ugi 
upwards doing work against the force of | Reference plane Ep=0 
Ae 5 S tential ene Fig. 710: Conservation of 
gravity, its gravitational poten rgy sape E energy 


continually increases ; however at the same : : ~ 
time its velocity and hence, its kinetic energy decreases continually. So during this 
upward journey of the ball its kinetic energy is being continually transformed to its 
potential energy. In the end of its motion, the ball is momentarily at rest at the 
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topmost point ; its kinetic energy is then nil, while the potential energy is maxi- 
mum, given by mgH, where H is the maximum height reached. At any 
intermediate point, its total energy is partly kinetic and partly potential. ; Thus 
when the ball is passing with an upward velocity v through a point at a height h, 
its total energy is 3mv* -- mgh. 

The reverse process occurs when the ball descends ; its potential energy 
continually decreases, while its kinetic energy increases. The ball descends with 
-ever increasing speed until it again comes back to the reference horizontal plane 
from where it started ; its energy is then again wholly kinetic, its potential energy 
being zero. 

Another interesting example is provided bythe collision of two cars moving 
towards each other [Fig 7:11(a). The energy of the system is then wholly 

kinetic. When they collide, they are 
momentarily at rest [Fig. 7:11 (b)]; the 

Om Or. .—————OL-9 kinetic energy of the system evidently 
Pa (a) 7 becomes zero, being converted into its 

potential energy. Ifthe cars interact with 


| m dom | each other through a spring, work will be 


OL ©) @) done ori the spring when it is compressed.. 
. The-changed configuration of the spring 
(b) accounts for the potential energy stored. 
v, [m |] 7, The spring then expands doing work and 
ome) FA "i oon in this process releases the stored potential 
Se energy. The? Cars separate in opposite 
(c) direction [Fig. 7:11 (c)], the energy of the 

Fig. 7-11: Conservation of system being then again wholly kinetic. 


mechanical energy More such examples can be cited, two 


important ones being the oscillation of a simple pendulum and a body moving 
along an inclined plane. A careful and closer examination of these transformation 
processes leads us to a very important conclusion known as the principle of 
conservation of mechanical energy. Thus, in our first example, it can be 
proved that if no dissipative forces, like friction are present, the total energy 
of the ball at the initial starting point, when itis wholly kinetic, is the same 
as the total energy at the highest point when it is wholly potential, i.e., 
dmw^—mgH. Not only that, the total energy at any intermediate point also have 
the same value. Thus, jmv,°=mgH=}my?+mgh. 
The same remains true, when the ball falls back freely downwards. When 
it again gets back to the initial starting point, it returns with the same velocity y 
with which it was thrown upwards. Since its energy is then wholly kinetic the 
total energy is then again $mv,?. ; 
The same holds true also in the second example. As above, if no dissipative 
ddr cea and if the collision is perfectly ‘elastic, the total energy remains 
Initial K. E.—P. E. stored—Final K. E. 
or, 4m,uj? -3myu —P.E, Stored —àm ,v,*-- 3v. 
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When a quantity remains constant in a process, it is said to be conserved, and 
we may, therefore, say that the total energy is conserved in these Processes, 
Hence we may state— : 


Dissipative forces like friction being absent, the total mechanical energy i.e., 
the sum of the P.E. and K.E. of a system of bodies, remains constant. 

This statement is known as the principle of conservation of mechanical 
energy. This statement is equivalent to saying that any increase or decrease in 
the P.E. of a system, leads to a corresponding decrease or increase in its K.E. and 
vice versa. The principle is a very important one and much useful in solving 
mechanical problems without requiring any knowledge of intermediate states of 
the system ; only the knowledge about initial and final energies are required. - 
Let us now demonstrate its validity with some simple examples. 


Total energy ofa falling body is constant : Let a body of mass m be 
raised to a height h above the ground level which istaken as the reference plane 
[Fig. 7.12]. Hence, its gravitano rA eei ar tion 2 Aeon Send 
energy is mgh and since the body is at rest, 1 | P 
total energy is also the same. ; mgY 

If the body now descends freely through ' 
aheight x, its potential energy reduces to mg ah 
(h—x). Ifits velocity at that point be y, then 1 
its kinetic energy is àzv?, so that its total energy 
is given by mg(h—x)+4mv?. h-x 

But, since the body starting from rest, moved 
with the downward acceleration g, then y*—9gx. Reference Ep - 0 

Total energy=mg | (h—x)--mgx —mgh, plane ; 
Which is the same as the initial value. Fig. 712: Conservation of the 

When the body reaches the reference plane, total energy of a ica 
its potential energy is zero and its energy is wholly kinetic. If v, be-its velocity, 
then v?=2gh. 


Total energy—its kinetic energy=4mv, =mgh sie 
Thus total energy is conserved in this case. To prove the validity of this 
principle when a body is thrown upwards, is left for the students as fe Seas 
The inclined plane: Let us consider a body of mass m sliding down a 
smooth, frictionless plane inclined at an angle @ to the ground level. This is taken 
«8 the reference plane. Ifthe body starts from rest from a point jd at ees 
height A, then at that point its total energy is wholly potential, given by mg z 
The body slides down under the force mg sin 8 and at a point E Spem 
from A, let its velocity be v. Since its acceleration is g sin 6, we have y!—2g 
sin 9.x, so that its kinetic energy at that instant is 4 mv’=mg sin 0.x. S 
But, as shown in the Fig. 7:13, the body has descended through ka Ten 
height x sin 6, so that its potential energy at that position is mg(h—x sin ). 
Hence its total energy at that instant 
=mg sinf.x--mg(h—x. sing)=mgh 


162 ELEMENTS OF HIGHER SECONDARY PHYSICS 


which is the same as the initial energy. 
` At the lowest point C, when the particle 
Ce ad S is on the reference plane, its potential 
SUBEN energy is zero, and the total energy is 
| T wholly kinetic. If its velocity at that point 
be vp, then v,? —2g sin 0. AC. 
Total energy—its kinetic energy 


Ep= =}mv,2=mg. AC sind 
é Reference plane =mgh —_[‘. from the Fig. 7:13, AC sind 
ig. 7:13: Total energy of a body 
"gi ding down an inclined plane "Total energy is thus conserved. 


Example 7:8. A 500 gm. object falls from the top of a ship and lands in the 
water 10 metre below. Find (a) its initial potential energy, (b) its velocity of 
impact on the water, (c) the maximum kinetic energy, (d) the kinetic energy 
3 metre above the water, and (e) the potential energy 3 metre above the water. 


Solution: (a) Initial potential energy —mgh 
=500 x 980 x (10 x 100) —49 x 10? erg—49 Joule. 
(b) We know that the loss of potential energy equals the gain of kinetic 
energy. Hence, if v be the velocity of impact of the water, 
49 x 107—3 x 500 x v? S0 v8=49%4% 10%; y—1400 cm./sec, 
(c) The maximum kinetic energy is equal to the initial potential energy. 
"Therefore, maximum kinetic energy —49 Joule. 
(d) Loss of potential energy in this case 
=m.g.(10—3) x 102—500 x 980 x 7 x 102 erg 
—3943x10" erg—34:3 Joule. 
Hence, the kinetic energy 34-3 Joule. 
(e) Potential energy —500 x 980 x 3 x 102 erg=14°7 Joule. 


7:10, Work done against friction. 


Let us now consider how frictional forces, 
previous discussions, affect the mechanical energy 
it is impossible to consider a mechanical process 
forces are absent. These forces alwa 
motion. Thus, if a ball is thrown upwards in air, a downwards resistive 
force will act on it; in its downward retu 
act upwards. Hence work must be done 


gets shorter and then stops altogether. On 


if a body is all z 
decelerates (loses energy) and then tobi y 18 allowed to move on a surface, it 
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As an illustration of the way in which mechanical energy is dissipated, let um 
consider a body sliding down an inclined plane. The body starts from rest from 
the point A [Fig. 7:14], where its total i 
energy is all potential given by mgh. 

Asthe body slides down under the 
force mg sin 0, force f due to friction, 
acts upwards along the plane. Since 
the normal force 

N-mg cos 0, the force of friction 
has the magnitude, 

f=pN= pz mg cos 0 

Where p is the co-efficient of sliding Fig. 714: Energy lost due to friction 
friction. 

The body, therefore, moves under the action of the resultent force F down the 
plane, given by 


F=mg sin 0—f. 

'The downward acceleration along the plane produced by this force is a—F/m. 
Thus, the speed v of the body ata point B [Fig. 7:14] at a distance x from A is 
given by 

y.—2ax—2 Fx 
m 
so that the kinetic energy of the body 
—imy*—xF—mgx sin 0—fx 2 (7:10) 
The potential energy of the body at B is evidently mg (h— x sin 6), 
Total energy of the body at that instant 
—mg x sin 0 —fx-- mg (h—x sin 5 
=mgh—fx s sspe CHL) 

The first term, on the right hand side of this equation, represents the total 
energy at the starting point A, while the second term gives the work done against 
the frictional force f for a displacement x. So, the total mechanical energy of 
the body has decreased by the amount fx and is said to be dissipated in friction. 
Thus, the kinetic energy at the bottom point C on the reference plane is not as 
great as the potential energy mgh at the top ; it is smaller by the amount f. AC, 
the work done against friction. 

7.11. Work-Energy Principle. 

Principle of conservation of mechanical energy does not hold, when forces 
of friction or other resistive forces are present. However, the principle can be 
generalised, so that it is valid even when dissipative forces are present, provided 
that such forces or the work done against them is known. The eqn. (7:11) is 

Total energy at B— Total energy at A—fx. 

Rewritting, Total energy at 4—'Total energy at B+/x. 
ie. Total mechanical energy of a system at any instant— Total mechanical energy 
at a later instant-- work done against dissipative forces in that interval. 

This general statement is known as the work-energy principle. 
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Example 7-9. An object is thrown along the ground with a speed oj 
10 m./sec. The co-efficient of sliding friction between the object and the grouna 
is 0:25. Calculate the time and the distance the object will travel before coming 
to rest. 

Solution : Frictional force, f—g4.w—0:25Xw, where w isthe weight of the 
object. 

kinetic energy lost by the object— work done against friction, 


$x ( aeg] X 109) 0:25 x w x s, where s is the distance by the object. 


$—20*4 metre. 
distance traversed 
average speed 
But the average speed—4 (10--0) m./sec.—5 m./sec. 


Hence, required time 04 sec.=4'08 sec. 


Now, time required— 


Example 7:10. A sphere of mass 10 kg. is projected vertically upward with 
a velocity of 250 m.|sec. It rises toa height of 3000 m. How much work is 
done against friction? With what velocity will it strike the earth after it comes 
down? 


Solution : Mass of the body—m-—10* gm. 
Initial velocity—25 x 10? cm./sec. 
*. Initial K. E. of the body=} x 10*x (25 x 103)? 
‘ —312:5 x 10" erg. 
The P. E. at this position is nil. 
the maximum height reached by the body —3 x 105 cm., 

its P. E. at this position=10* x 980 x 3 x 105—294 x 10” erg, 

Its K. E. at this position is zero. 

-. Work done against friction —total initial mechanical energy—total final 
mechanical energy—312*5 x 1019 — 294 x 1010 ; 

=18'5 x 101? erg—18:5 x 10? Joule. 

As the sphere comes back to the earth, it will lose the same amount of energy 
due to friction. Since, its energy is then wholly kinetic, therefore if the velocity 
with which it strikes the earth be v, 

4x 10 x y!—294 x 1019—18:5 x 1010 
y 2:35 x 10* cm./sec.—235 m./sec. 


Example 7:11. 4 block of mass 4 kg. slides down an inclined plane 6 m. 
high and 10 m. long. Find (a) the K. E. of the block at the base of the plane 
(b) the distance travelled by the block over the horizontal part of the route until 
it stops. Assume that the co-efficient of friction over the entire route is constant 
and equal to 0:2. 


Solution : (a) The base of the inclined plane is of length 
A/ 105—658 m. 


— 
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If @ be the inclination of the plane, then cos 0=,8, 

Frictional force=p mg cos 0—0:2 X4x9°8x 8, newton 

Energy dissipated work done against friction 
—02Xx4X98x 4 x 10—6:4 x 9:8 Joule 

P. E. of the block at the top=4 x 9:8x 6 Joule 

K.E. of the block at the base of the plane—P.E.—Energy dissipated 

—24x9:8—6:4 x 9:8—172:48 Joule 

(b) Frictional force pu mg-0:2x 4x 9-8 Newton. 

Now, Energy dissipated against friction— Initial K.E. of the block. 

If x be the distance travelled by the block before coming to rest, then 

02X4X98x x—172:48 or, x—22 m. 

712. Conservative and Dissipaüve forces. 
A system. in which mechanical energy is conserved, is called a conservative 


system. The forces acting in such a system are conservative force. Thus gravita- 
tional force is a conservative one. 


wards, its potential energy decreases and the descending body can, therefore, be 
made to do work. In other words, the work is recoverable, or in still other 


However, when a body is made to slide along a rough horizontal ‘surface, 
work must be done against the force of friction, The potential energy of the 
body does not change, because the body does not gain any capacity of doing 
work in this process. When the body is slided back to its original position, the 
force due to friction reverses and instead of recovering the work done in the 


This isthe criterion which determines the difference between a conservative 
and a non-conservative force. Forces where the work is recoverable, are called 
Conservative forces ; forces where this is not possible, are called non-conserva- 
tive forces, = 
713. Conservation of Energy. 

The Answer to the question—'*what happens to the mechanical energy that 
disappcárs. in a non conservative system’’, leads us to a principle of great impor: 
tance, fhe principle of conservation of energy. Whenever work is done against 
dissipative forces, the mechanical energy that disappears is not destroyed, but is 
convefted into thermal energy. Recognition of this fact, leads us to the formula- 
fa more general conservation principle called the Universal Principle of 


Energy can not be created or destroyed, but may be transformed from one 
form to another. The sum total of all energies in the universe remains constant, 


P-1/12 


Fo 
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Thus when we rub our hands they get warmed ; mechanical energy of rubbing 
is converted into heat energy. When a falling body stops on striking the ground, 
its machanical energy is transformed mostly into heat and partly into sound ener- 
gies. Machines get warmed due to friction between their different parts ; hence 
the necessity to cool them with a continuous flow of oil. Shooting stars are 
nothing but fast moving meteors heated to incandescence by friction with earth’s 
atmosphere. 

So, we find that whether the forces be conservative or non-conservative, the 
total energy of the system remains constant but we must keep a careful track of 
all the different forms in which it may be transformed. 

714. Power. 


In the foregoing discussions of work and energy, the time spent in doing the 
work was never mentioned. To raise a given weight through a given height the 
work done is always the same whether it is done in one second, or one minute, or 
one month. However, in many instances, the rate of doing work is of utmost 
concern tous. For example, in choosing a machine, the time in which a given 
work is done by the machine is of great importance to the buyer ; a machine 


doing a given work in a shorter time is more useful than another, doing the same 
work in a longer time. 


The time rate of doing work by an agent is defined as the Power of the agent. 
Thus 
Powers Work done 
"Time interval 
lf a constant force F acts on a body for a time t, while the body undergoes a 


displacement s in the direction of the force, with a uniform velocity v, the power 
developed is, 


pe P e F.y-- force x velocity bos x. (7:12) 
If the displacement does not take place in the direction of the force, the 
expression becomes, i 
P=Fy cosó En 
where @ is the angle between the force and the displacement. 
Unite of Power: The C.G.S. absolute unit of power is one erg per second, 
while the gravitational unit is one gm. cm. per second. 
In M.K.S. system, unit of power is one Joule per second, 
This is given a special name, the watt (W). 
Thus, 1 watt—1 Joule/sec.—10" erg/sec. 


Two multiples of the watt are commonly used : the kilowatt (T K,W.e- 
and the mega watt (1 M. W.—10* W). 2s o t 


(7:13) 


In F.P.S. system absolute unit of power is one foot poundal per sec. The 
gravitational unit in the same system is one foot-pound per sec. 


In this system, one commonly used unit of power is the h n 
which was introduced by James Watt, er 


1 H.P.=550 ft. Ib/sec, 
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Y 


Relation between Horse Power and Watt. 

Since 1 foot-pound=1:356 Joule (vide Art. 7:2) 

1 H.P.=550 x 1:356 Joule/sec.—746 watt. 

^ 1 Kilowatt=4990 — 1-34 H.P. 

Sometimes, a conveniently large unit of energy is used. The unit known as 
kilowatt-hour (k. W. h) is obtained from previous discussions. Thus, one 
kilowatt-hour is the work done in one hour by an agent of power one kilowatt. So 

1 k.W.h.—1 k.W.x 1 h.—1000 Joule/sec. x 3600 sec.—3:6 x 10° Joule. 


Example 7:12. 4 boy who weighs 50 kg. finds that he can reach upstairs in 
25 sec., there being 60 stairs each of 15 cm. height. Find the average horse power 
of the boy. 

Solution : Total work done=weight x vertical height raised 

=5 x 10#x 15x60 gm. cm.—4:5 x 107 gm. cm. 
Total work done. 4:5 x 10? 
“tree; Ss e omen 
70:18 x 107 gm. cm.[sec.—0:18 x 980 Joule/sec. 

But | H.P.=746 Joule/sec. 


., Average power of the hoys Lax Bo H.P.—0:24 H.P. (nearly) 


., Average power= 


Example 7:13. On a level road a horse is pulling.a car with a force of 50 
lb. wt. If the horse is walking with a uniform velocity of 6 mph., calculate the 
horse power it is developing. 


, Solution : The velocity of the horse—v—6 mph.— 8*8 ft./sec. 
From eqn. (7:12), the power developed by the horse 
=P=Fy=50 x88 ft. Ib./sec. = 229 8:8 H.P.—0:8 H.P. 


Example 7-14. A pump raises 1500 gallon of water per minute through a 
height of 8 feet, and discharges through a nozzle with a velocity of 48 feet per 
second. Find the horse-power of the pump, given that one gallon.of water weighs 
10 lb. Find also the force of reaction on the nozzle. ; 

Solution : In one sec. the pump discharges (1500 x 10)/60=250 Ib. of water. 

Work done to lift 250 Ib. of water through 8 ft.—250 x 8—2000 ft. Ib. 

K.E. of 250 Ib. water at 48 ft/sec. 4 x 25 49 f, 15,9000 ft. Ib. 

-. Power of the pump=(2000-+ 9000) ft. Ib./sec.—33382 H.P.=20 H.P. ; 

The reaction on the nozzle is equal to the force required to set the water in 
motion. We know that 


mxyv 


F=Rate of change of momentum=: 


Here, m=250 1b., y= 48 ft./sec., t=1 sec. 
Reaction on nozzle=F=250 x 48 poundal=375 Ib. wt. 
Example 7:15. Find the power developed by the engine of a vehicle of mass 


500 kg. if it moves at a constant speed of 72 km.[hr. (a) over a horizontal road 
(b) up a grade 1 in 25 (c) down the same grade. The co-efficient of friction is 0:1. 
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Solution : 72 km./hr.—20 m./sec. 
(a) Opposing force of friction F—p mg=0'1 x500x 9:8 Newton. i 
Since the vehicle travels at a constant speed, hence its engine develops just 
this amount of force. 
^. Power- Fy—0:1 x 500 x 9:8 x 20 watt=9°8 kw. — 
(b) If@ be the inclination of the plane, then sin 0—1 /25, cos 6&1. ET 
‘Downward force along the plane=component of weight--force of friction 
=mg. sin 04- mg; cos 6=500 x 9:8 x dy +0'1 x500x9:8x! 
=196+490=686 Newton 
Power=686 x 20 watt= 13:72 kw. 
(c) Upward force along the plane—force of friction—component of weight 
=p mg. cos 0—mg. sin 0—490—196—294 Newton 
... Power—294 X 20 watt—5'88 kw. 


@ EXERCISE @ 
[A] Essay type Questions. 


I. Define work. Name and define its absolute and practical units in different systems. 
Define gm-centimeter, and foot-pound. Why are these called gravitational unit? Obtain the 
relations between (i) erg and Joule, (ii) foot-poundal and erg, (iii) foot-pound and Joule. Is 
work done whenever a force is exerted ? Explain with a suitable example. 

2. (a) What is the difference between—‘work done by a force’ and ‘work done against a 
force ? 3 


(b) Obtain an expression for the kinetic energy of a particle of mass m moving with a 
velocity v. 


(c) Prove that the sum of kinetic energy and potential energy is everywhere constant for 

a freely falling body. [ H. $.'83] 
What happens to its energy when it touches the ground ? 

3.(i) Explain what are meant by kinetic energy and potential energy. State the principle 

.. of conservation of energy and establish it for a body falling freely under gravity. 

(ii) Define Watt and Horse-Power. Show that 1 H. P.—746:4 watts, 


i -Po' [ H. S. '82 

(iii) “The power of an engine is 10 H. P,” — What is the meaning of the statement ? 
H. Á * 

4. Under what condition the work done b; T7 died 


y a force is (i) positive, (ii) negative, and (iii 
Zero? What is meant by *No-work force’, Explain with examples, If the force acting ES : 


body be (i) constant and (ii) varying, then draw curves for both the ca: i i 

c 5 ses plotting force against 

displacement. How do you obtain the work done from these curves ? p ; rp" 
k i etn im mean by ‘work done by a couple? Find an expression for it, Indicate 

which pair of physical quantities have the same unit : Force and 

energy and work, Acceleration and power. energy, work and power, 


6. Define gravitational potential energy and deduce an expression for it. 
we ad eae a ae acting on a moving body, yet doing no work, 
aa or £y principle. When a watch is wound, what type of energy is 
cry gl ote Wor donet det echange of kinetic 
" s aae si m pues de along an inclined plane through a vertical height 
pu 9i tes td beds negative value of the potential energy? Explain your 


WORK, ENERGY AND POWER 169 


9. What is mechanical energy ? State the principle of conservation of mechanical energy. 

Justify the principle with reference to a body sliding down an inclined plane. 

When do we calla system to.bé conservative? Is it ever possible that such system can 
exist in nature ? 

In the motion of a simple pendulum, show that the work done by the tension in the string 
is zero. 

10. Deduce an expression for the total energy at any instant of a body sliding down a 
rough inclined plane. Is it same throushout its journey ? If not, how do you explain ? 

11. State the universal principle of conservation of energy. Develop-the idea of the 
principle with some suitable examples. 

Name the different kinds of energy to which the heat energy obtained during’ the explosion 
of a bomb, gets converted . 

12. (i) What are meant by a conservative and a non-conservative force? Prove that the 
gravitational force is conservative but the frictional force is non-conservative. 

(ii) A car is moving with a uniform velocity. Is the engine of the car doing any work 
under this.condition ? [ Model Questions, H. S. Council ] 

13. (i) What is power ? Name and define its absolute units in C. G. S. and F. P, S. systems. 
What is the gravitational unit of power in F. P. S. system? What is its relation with the 
practical unit in the same system ? Deduce the relation between Kilowatt and Horse-Power. 

(ii) What unit does kilowatt-hour represent ? Define it. What is its relations with Joule ? 

Does the work done in raising a body to a certain height depend on how fast it is being 
raised ? 


[B] Short answer type questions 

1. A manrises in a lift carrying a bucket of water. Explain (a) if any work is done by 
the man on the bucket of water, and (b) ifthe energy of the bucket of water would remain 
unaltered. [ H. S. 78] 

2.() A man is swimming against the current in a river. If he remains stationary relative 
to the ground, does he perform any work ? 

(ii) Two boys are playing a ball within a railway compartment, should the kinetic energy 
of the ball depend on the velocity of the train ? { Model Questions, H. S Council | 

3. Ina tug of war, team A is slowly giving ground to team B. Is any work being done ? 
If so, by what force ? y 

4, If a body of mass m possesses kinetic energy E, show that its momentum is 25 E, 

5. ‘In many mechanical processes kinetic energy of the system is converted into its poten- 
tial energy’—Justify the statement with reference to the following examples : 

(a) A ball of mass m thrown vertically upwards. 

(b) The collision of two cars moving towards each other. 

(c) The oscillation of a simple pendulum. 

Is it possible that a body has an energy without momentum ? Explain with an example. 

7. Alight and a heavy body possess equal momentum, Which one will have a larger 
kinetic energy ? [ Model Questions, H. S. Council ] 

If their kinetic energies are equal, then which one will have greater momentum ? 

8. A lorry and a car moving with the same kinetic energy are brought to rest by the 
application of brakes which provide equal retarding forces. Which of them will come to rest 
in a shorter distance, í [1715727221 

9. Dyne-second is the unit of (i) force, (ii) momentum, (iii) energy (iv) power, which is 
correct ? 

10. Explain why a falling body becomes hotter when’ it strikes the ground. 
11. A boy tries to raise a bucketful of water but fails to do so. What is the amount of work 
done ? [ Model Questions, H. S. Council } 
12. An ascending gas balloon gains both K. E. and P. E. How does the principle of 
conservation of energy ho!d in this case ? 
13. Answer the following questions with proper reasonings :— 
(i) Work and torque are expressed in the same unit. Are they identical physical quantities ? 


. 
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(i) Does the centripetal force acting on a body moving in a circular path perform any 
work ? 
(iii) Work is always done against friction. Why work is not done by friction ? 
(iv) A meteorite burned completely in the atmosphere before it reached the earth’s surface. 
What happened to its energy ? f 
(v) Isthe resistive force of air a conservative one ? 


(C] Simple Problems. 
1, A force 50 dyne acts constantly on a body and moves it through 1 m. (along the direc- 


tion of the force). How much work is done ? [ Ans. 5000 erg ] 
2. A body of mass 5 kg. is raised from ground to a height 20 m. How much work is 
done? What is the potential energy of the body ? [ Ans, 980 Joule, 980 Joule ] 


3. A box is drawn through a distance of 10 m. along the horizontal floor by means of a 
rope. The pull in the rope is 4 newton and the angle between the rope and the ground is 30°. 


Calculate the work done. [ Ans. 34:64 Joule] 
4. A uniform iron chain 10 m. long and weighing 6 kg. per metre hangs vertically, Cal- 
culate the work required to wind it up. [ Ans. 2:94x 10? Joule ] 


5. Findthe work done by a man weighing 144 Ib, in carrying 56 lb, of brick up a ladder 
20 ft. long which makes an angle of 30* with horizontal. (H. S. '69 Comp.) [Ans. 2000 ft. 1b.] 


6. A body has 1 joule of kinetic energy. It is opposed by a force of 1 megadyne. How 
fat will it move before it comes to rest ? (H. S..1964) [ Ans. 10 cm. ] 


7. A non-uniform rod weighing 3 kg. and 4 m, long has its centre of gravity at 1:5 m; 
from one end. A load of 8 kg. is tied with its other end. Calculate the amount of work 
required to raise the rod from a horizontal position on the ground to vertical position with the 
loaded end at the top [ Ans. 3577 Joule ] 


8. How much work is done to build a column 16 ft, high with 4 marble blocks, each of 
height 4 ft, and mass 200 Ib, ? [ Ans. 4800 ft. Ib. ] 

9. A uniform brick of mass 2:5 kg. and dimensions 6 by 8 by 10 cm. rests with its largest 
face on a horizontal plane. Find how much work must be done to stand it on end, 


[ Ans. 0:49 Joule ] 
ater. Calculate the 
[ Ans. 9856 x 105 Joule ] 
30 km./hr, to 60 km,/hr, 
obile ? 


s [ Ans, 1:04 x 10" Joule ] 
12. A ballof mass 50gm. is held 10 m. above the ground and then released, so that it 
rebounds to a height of 6 m. Calculate (i) i i " T 


when it is released, (b) just before it hits the ground for the first time (c) i i 

y ; , , mmediately aft 
it first hits the ground, (d) at the end of the first rébound, (e) immediately before i tide ie 
ground for the second time. Take 2—1000 cm. [sec.* 


[ Ans, ev 5 Joule, (b) 0, (c) 0, (d) 3 Joule, (e) 0 

Gi) (a) 0, (b) 5 Joule, (c) 3 Joule, (d) 0. (ey 
13. A truck weighing 8000 kg. runs at the speed of 60 km./hr. and then E estes E 
sec. with the application of brakes. How much heat is developed ? (Ans, 2645. E W 


14. An aeroplane weighing 5000 kg. ascends and reaches a velocity of 
altitude of 5km. Find the work done. Neglect friction of air, 4 i de Pin mien Sule 


15. The work 98 joule was performed to lift a load of 2 k, i 
8. vertically to a height 1 
above ground by a constant force. What : A e Ph 
ine acceleration was the load E i 1e 
16. The effective length of a pendulum is 50 cm. and the mass of j PR que 
is drawn to a side till the string is horizontal and then released TS y^ down 
string makes an angle of 60° with the vertical, í i Ve. Neri 


10. A cylindrical tank of diameter 2 m. and height 4 m. is full of w: 
work done in pumping the water to a height 6 m. above the top of the tank 


11. An automobile weighing 1000 kg. changes its speed from 
How much work is necessary to produce this acceleration of the autom: 


A 
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07. If a train moving at 60 km. per hour can be pulled up by its brake in 1 km. From what 
speed could it be pulled up in 125 metre? What isthe timetaken in coming to a stand still 
in each case ? [ Ans. 30 km./hr., 1. min., 30 sec. ]' 

s 18. A body of mass m accelerates uniformly from rest to a speed V in time T. Show that 
the work done on the body as a function of time t in terms of V and T is 
im le n 

19. A fielder catches a cricket ball of mass 100 gm. moving horizontally at a speed of 40 

m./sec. If his glove moves back a distance of 20 cm. while bringing the ball to rest, what 


average force was exerted on his hand ? [ Ans. 400 newton ] 
20. A cloud 5 km. above the ground condenses into rain which collects 1 cm. deep over an 
area of 104 m?. What is the loss of P. E. of the cloud ? [ Ans. 4:9 x 10? Joule ] 


21.. A lift weighing 2000 kg. rises from rest in the ground floor to the fifth floor, a height 
of 20m. As it passes the fifth floor, it has a speed of 4 m./sec, There isa constant frictional 
force of 10 kg. wt. Calculate the work done by the lifting mechanism, [ Ans. 4:1 10° Joule] 

22. A heavy body weighing 600 kg. is pulled up an incline 5 m. long and 3 m. high. 
Calculate the work done in moving the body if the coefficient of kinetic friction is 0-50. 

[ Ans. 29:4x 10? Joule ] 

23. A 10 kg. gun fires a bullet of mass 20 gm. The kinetic energy of the bullet at the end 
of the barrel is 900 Joule. What kinetic energy is imparted to the gun by the recoil ? 

[ Ans, 1:8 Joule | 

24. A bullet of mass 2 gm. and moving at 500 m. per sec. pierces a plate and moves on 
with a velocity of 100 m. per sec. With what velocity would it emerge if the plate had only 
half its thickness ? It may be assumed that the work done in piercing a plate is proportional 
to its thickness. [ Ans. 360:6 m.[sec. ] 

25. A block of mass 2 kg. slides down an inclined plane 1 m, high and 10 m, long. Find 
(a) the kinetic energy of the block at the base of the plane, (b) the velocity of the block at the 
base of the plane, (c) the distance travelled by the block over the horizontal part of the route 
untilit stops, Assume that the co-efficient of friction over the entire route is constant and 
equal to 0:05. [ Ans. (a) 9:85 Joule (b) 3:14 m./sec, (c) 10 m. ] 

26. A tone of mass 50 gm. is projected vertically upwards with a velocity of 100 m./sec. 
It rises to.a height of 400 m. (a) Find the resistance of air. (b) With what velocity will it 
strike the earth after it comes down ? Į Ans. (a) L:35x 10* dyne (b) 75:36 m.[sec. ] 

27. Acrane lifts a 1500 Ib. steel beam to a height of 44 ft. in 10 sec. Find the horse-power 
developed. (A. 8.67 ) [ Ans. 12 H. P.] 

28. What should be the H. P, of an engine which is intended to pump 250 gallons of water 
per minute to a height of 40 yards? ( 1 gallon of water weighs 10 pounds ). (H. S. '61) 

[ Ans. 9X H.P. ] 

29. 400 kg. of air moving at 20 m./sec., impinge on the vanes of a windmill every second. 
At what rate in kilowatts.is the energy arriving at the windmill ? What is the maximum mass 
of water that could be pumped each second through a vertical height of 5 m. ? (Assume g= 


10 m./sec?. ) ( Oxford Univ. ) [ Ans. 80 kw., 1600 kg./sec. } 
30. A boy weighing 100 Ib. ascends a flight of 20 steps, each 9 inches high, in 5 second. 
What horse-power does he employ ? (H. S. '60 ) [ Ans. 6/11 H. P. ] 


31. An engine expends 4 H, P. in pulling a car on a horizontal road at 30 mile/hr. If the 
co-efficient of friction between the tyres of the car and the road is 0°02, calculate the weight of 
the car. . [ Ans. 2500 Ib. wt. ] 

32. A1000 lb. car travels up a grade of lin 25 at 45 mile/hr. Find the horse power 
required. Neglect friction, [ Ans. 48 H. P.] 

33. Find the power developed by the engine of a vehicle of mass 10C0 kg. if it moves at a 
constant speed of 36 km/hr. (a) overa horizontal road (b) up a' grade 1 in 20 (c) down the 
same grado, The co-efficient of friction is 0*07. 

[ Ans. (a) 6°86 kw. (b) 11°76 kw, (c) 1:96 kw. } 
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34. A uniform rectangular parallelopiped of sid. s /, 27 and 4/ lies on a horizontal plane on 
each of its three different faces, in turn, What is the potential energy of parallelopiped in 
each of these positions ? Which position is the most stable ? 

[Ans. 2 mgl, mgl and $ mgl respectively on the small, medium and large face; when lies on 


therlarge face ] ` 


35. A particle is falling down a rough inclined plane. - Assuming the frictional resistance 
to be 0-2 times the normal reaction and the angle of the inclined plane to be 30°, calculate the 
acceleration of the particle, Calculate also the change in the sum of the kinetic and potential 
energies as the particle falis through a length of 1 metre along the inclined plane, The:mass of 
the particle is 1 gm. ( Jt. Entrance *82 ) [ Ans, 0:33p cm.[sec.? ; 17g erg ] 

36. A body is moved along a straight line by a machine delivering constant power. Show 
that the distance moved by the body in time ¢ is proportional to 43/2, 

37. An object of mass 2 kg falls from rest through a vertical height of 30 m. and reaches 
the ground with a yelocity of 20 m./sec. How much work is done by the push of the air on 
the object? (g=10 m./sec2) ` [ Ans. —2001] 

38. A ball flying at a velocity v,—15 m./sec. is thrown back by a racket in the opposite 
direction with a velocity v—20 m./sec, Find the change in momentum of the ball if the kinetic 
energy changes by A E875 Joules. ( Jt. Entrance '84 ) | Ans, 3*5 kg. m.[scc. ] 

39. A vertical shield is made of two plates of wood and iron respectively, the iron plate 
being 3 cm, and the wooden plate 6 cm, thick, A bullet fired horizontally goes through the 
iron piate first and then penetrates 3 cm. into the wood. If the Shield is reversed the same 
bullet goes through the wood first and then penetrates 2 cm. into the iron, Find the ratio of 
the average resistances offered by the iron and the wood. [4ns. 3:1] 


40. Atrain of mass 200 tonnes (including the engine) can run ata Maximum speed of 
108 km./hr. on a straight level track, the resistance of motion being 10 kg.wt per tonne. With 
what constant speed it can move up a similar track of inclination 1 in 100, [4ns. 54 km./hr.] 

41. : An engine working at a constant rate draws a train of total mass 5C0 tonnes up a plane 
whose inclination to the horizontal is sin-1 (xào). If the frictional resistance to the motion is 
5 kg. wt. per tonne and the greatest speed up this incline is 10 metre/sec, calculate the power 
of the engine in kilowatts, ( Jt. Entrance '81 ) [ Ans. 735 kW. ] 

42. Auniform flexible chain of length 4 m. is held on a smooth horizontal table so that 
1 m overhangs one edge, the chain bging perpendicular to the edge. If the chain be released 
from rest, find the velocity with which it leaves the table. ] Ans. 6:06 m./sec, ] 


[Dj Harder Problems 


1. A horse pulls a cart with a force of 50 lb, at an angle of 30° with the horizontal and 
moving along with a speed of 6 miles per hr, How much work does the horse perform in 10 
minutes? What is the power output of the horse in practical units ? 

; (Jt. Entrance, 62 ) | Ans, 2:287 x 105 ft. 1b., 0:693 H. P. ] 

2. MEE discharges 10? cu-ft./sec. from a. height of 200 ft. If 75% of the available 
energy at the bottom of the water-fall is converted into ower, Calculate th 
developed, Take 1 cu-ft, of water=62°5 Ib, i ^ is ac 

If this power is utilised to raise water from a tube-well of depth 600 ft, find how much 

à ( Jt. Entrance '69 ) ( Ans. 17:046x10° H. P., 250 cu. ft 
3. A man in a boat A, mass of which including the man is 400 kg. pulls a rope im d 


^ 


[ Ans. Case I : (a) 0:98 m./sec, (b) 192 Joule (c) 96 watt 
4 : Case I : (a) 0°98 m./sec. (b) 448-1 Joule (c) 224 watt i 
bids Calculate the power required to raise 300 It. of water per minute through a vertical 
, height of 6 m, and then to deliver it through a nozzle of diameter 2:4 em. ( London Univ ) 


‘[ Ans, 600 watt. 
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5. Anengine pumps water from the surface of a river 15 ft. below its own leve! and dis- 
charges it through a nozzle of diameter 2 in. with a speed of 100 ft./sec. Find the horse power 
of the engine assuming its efficiency to be (a) 100% and (b) 70%. Given, density of water= 
62:5 Ib./cu. ft. [ das, (à) 42:47 H. P. (b) 60:67 H. P.] 


6. A body first slides along an inclined plane forming an angle of 30° with the horizontal 
and then over a horizontal plane. If the body covers the same distance of the horizontal plane 
as on the inclined one, calculate the co-efficient of sliding friction. [ Ans, 07268 ] 


7. The maximum speed of a motor van weighing 3 tons is 12 miles an hour on a level 
road, but drops to' 5 miles an hour up an incline of ! in 10. Assuming resistance per ton to 
vary as the square of the velocity, find the horse power of the engine. ( 1 ton —2240 Ib. ) 

( London Univ.) [ Ans. 9:66 H. P. l 


8. Prove that the kinetic energy of two particles of masses m, and .,moving in any 
manner in a plane is equal to 
$ (m+ ms) v*pàm, m, u*|(m,4-m;) 
where v is the velocity of the centre of mass of the two particles and wu is the relative 
velocity of one particle w. r, t. the other. 


9. The human heart forces 60 c. c. of blood at each beat against an average pressure of 
12cm, of mercury. If the pulse frequency is 72 per minute, calculate the power of the heat 
in watt ? ( Density of mercury—13:6 gm./c. c. ) [4ns. 115W] 


10. It requires 400 H. P. to drive a ship through water at a speed of 20 miles per hour. If 
the resistance of the water is proportional to the second power of the speed, what horse power 
is acquired to drive the ship at a speed of 30 miles per hour ? [ Ans. 1350 H. P. ] 


11. A block of mass M with a semicircular track of radius R, rests on a horizontal fric- 
tionless surface. A uniform cylinder of radius r and mass m 
is released from rest at the top point A (see Fig.). The 
cylinder slips on the semicircular frictionless track. How 
far has the block moved when the cylinder reaches the bottom 
(point B) of the track? How fast is the block moving 
when the cylinder reaches the bottom of the track ? 


(1.1.7. 83) [ Ans. mee, gu vig ORT 


velocity is 22-5 m./sec. and is at a height of 23:6 m. above the ground. The lower piece of mass 
2:5 kg. returns to the ground in 1:5 sec after the explosion. Find how much higher the upper 
piece of mass 7:5 kg. will rise after the explosion, Find also the energy of explosion, 

[ Ans. 54:86 m ; 158847 J] 


13. A vehicle weighing 7 metric tons with its engine shut-off moves down an incline 1 in 
35 ata constant speed of 20 km,/hour. What amount of engine power in H. P. would be 
required to drive the vehicle up the same incline at the same speed, assuming frictional resis- 
tance to be the same in each case ? ( Jt. Entrance '80 ) [ Ans, 29:2 H. P. } 


14, A motorcycle whose mass including rider is 400 kg, can go at 5 m./sec, up a plane of 
inclination 1 in 14 and 30 m./sec. down the same plane. If the resistance varies as the square 
of the speed and the power developed by the machine is constant, find the power developed. 

; [ Ans. 1445 W. } 
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15. In the figure (a) and (b) AC, DG and GF are fixed inclined planes, BC=EFmx and 
A S AB=DE=y, A small block of mass M is 
released from rest from the point A. It slides 

down AC and reaches C with a speed V. 

y y G The-same block is released from. rest from the 
point D. It slides down DGF and, reaches the 

Point F with speed Vp, The co-efücients of 


kinetic friction between the. block and both 
P pi Cc E x F the surfaces AC and DGF are p. 
Fig. (a) Fig. (b) Calculate Vc and Ve. 


(LL 7.80) | Ans. Vo = Vp =V FOA) 
16. A horse pulls a wagon of 400 kg. from rest against a constant resistance of 100N. The 


pull exerted initially is 800N and it decreases uniformly with the distance covered, to 400 N at 
a ‘istance of 50 m, from the Start. Find the velocity of the Wagon at this point. 


[ Ans. 1274 km./hr. } 


— 


GENERAL PROPERTIES OF 
MATTER 


8 - GRAVITATION 
CHAPTER 


81, Newton's Law of Universal Gravitation, 


Gravitation is the name given to the universal attraction between massive 
bodies, as a consequence of which the members of the solar system, for 
example, maintain their stable orbits. The idea of such a general 
influence was held somewhat vaguely by Greek metaphysicians and also by 
Indian philosophers. But its emergence as clear and quantitative concept 
required the exact principles of motion introduced by Galileo, the obser- 
vational generalizations of Kelper and the conception of force given, by 
Newton. From a close study of the experimental observations upon the 
motion of the planets, Kepler formulated three famous laws of planetary 
motion. In order to explain these laws, Newton synthesized the above- 
mentioned concepts and put forward the famous law of universal $ravita- 
tion which states : 

Every particle of matter in the universe attracts every other particle with a 
force, which is directly proportional to the product of the masses of the two 
particles and inversely proportional to the Square 
of the distance between them. This force acts M F Pom 
along the line joining the two particles. o—- Xp M 

If m and M be the masses of two parti- ———— d— 
cles, separated by a distance d, and F be the a 
aon force of attraction which each 8 ie e haberi seq 
particle exerts on the other [Fig. 8'1), 
then from this law, 


FomM and Foc, 
Combining, we get Foc im 
or, -co P ae of (8:1) 


wherc G is a constant of proportionality, known as the universal gravita- 
tional constant, . 

The law is universal in the sense that it is applicable to all bodies ; 
whether the bodies are big or small, whether they are celestial or terres- 
trial, the value of G remains always the same. Numerous experiments 
have been designed to determine the possible influence of various factors 
on the gravitational attraction, but all such experiments so far have been 


178 ELEMENTS OF HIGHER SECONDARY PHYSICS 


negative. The only factors of influence are the masses of the attracting 
bodies and their distance apart. The gravitational attraction does not 
depend upon the nature of the attracting bodies, nor also upon the nature 
of the medium. between them. It is also independent of the state (i.e. 
whether solid, liquid or gaseous) of the attracting bodies. It does not 
depend upon temperature or any other physical factor. 


8-2. Constant of gravitation, 
7 j FP 
From eqn. (81), we can write "AT 5i (8:2) 
We thus, arrive at the dimensional formula for G as 
. IG] - CF) [d]/imM}) 
—[MLT-?] [L*)/[M*) 
-[ MLT?) 
Evidently, its C.G.S. unit is cm? gm.“ sec.~*. " 

The numerical value of the constant G depends on the units in which 
force, mass and distance are expressed. If mand M in eqn. (82) be put 
each equal to unity and the distance d be also unity, then F—G. Thus, 
gravitational constant is numerically equal to the force of attraction between two 
particles of unit mass separated by unit distance. 


Its magnitude can be found experimentally by measuring the force of 
attraction between two bodies of known masses at a known separation. 
G was first determined successfully by Cavendish in 1798 and he found the 
value as 6:6576x10-* C.G.S. units. The best present value of G is 
6670 x 10-® C.G.S. units, as determined by P.R. Heyl and P. Chrzanowski 
at the U. S. National Bureau of Standard in 1942. The value of G in 
M.K.S. system is 6°67 x 107? m.'kg."sec?. The extremely small magni- 
tude of G shows that gravitational forces between terrestrial uds are 
extremely small and quite negligible for all ordinary purposes. 


Example 8:1, Two lead spheres of 20 cm. and 2 cm. diamet 
. . er. 
with their centres 100 cm. apart. Calculate the force of attraction aen. 
Given that, density of lead — 11*5 gm.|c.c. and G —6:67 x 10-*cm* .gm.-^sec.7* : 
Solution: M—£x7x(10)*x115 gm. 
m=4x7X(1} x115 gm. 


p=om —667 x 10-5 x (£* X uS ae 10* 1° 
=15'46 x 107* dyne. i 
Example 8'2. Two equal masses, which 
attract each other with a force of 4x10 k a ce, pre 
What is the distance between the two masses when theattractlonis 8 x 10-8 ine ? 
Solution: If the mass of each particle be m, then from eqn. (8:1) 
> , 


2 
4x 1o*-605 or, Gm=4x 10-4 


ma 
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If the distance between the particles be d, when the force of attraction is 
8x 10-* dyne, then, 


-s_ Gm? 4x10-* 
8x10 OEC 


or, din 4 d—71 cm. 


8'3. Gravitational attraction for extended bodies, 

The law of gravitation, in the form given by equation (8:1), applies 
only when the dimensions of the attracting masses are very small. For 
extended bodies separated by a very large distance, we can neglect their 
dimensions in comparison with the distance separating them and can treat 
them as point masses. The masses of the bodies are then assumed to be 
concentrated at their respective centres of masses. 

If the above condition is not fulfilled, the attraction for extended bodies 
can not be obtained easily. We can 
regard any body of finite size as made 
up of a very large number of small 
point masses mi, ms, ms etc. To get the 
force of attraction between an extended 
body and a particle, we first find 
out the force of attraction between the 
particle and each of these point ` 
masses m, Ms etc. [Fig. 82]. The total Fig.82: Gravitational attraction between 
force of attraction is then given in to tntetded body and a point ma 
magnitude and direction by the vector sum of all these forces. The process 
is rather complicated and can be solved readily only for bodies of regular 
shape. Some of these results are very useful. 

Thus, for a uniform solid sphere or for a uniform hollow spherical shell, the 
force of attraction at points outside the sphere, or shell, is found to be the 
same as that due to a particle situated at the centre of the Sphere or shell, 
the particle having the same mass as the sphere or the shell, as the case 
may be. 

For a uniform hollow spherical shell, the force of attraction on particles 
at points within the shell is zero. We shall make use of these results in 
subsequent discussions. 

To find the force of attraction between two extended bodies is still more 
complex. Firstly, we should divide the two bodies into point masses and 
then find out the forces of attraction between every pair of such point 
masses. The resultant attraction is obtained by summing up all these 
forces vectorially. d 


8.4. Gravitational attraction between heavenly bodies, 


Our universe consists of millions and millions of heavenly bodies. Of 
these, those which emit light and radiant heat of themselves are called the 
stars. Planets are those celestial bodies which revolve round the sun in almost 
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circular orbits. The sun has nine planets. Unlike the stars, the planets 
do not radiate light or heat; they shine with the light they receive from 
the sun and reflect, The planet nearest to the sun is the Mercury and the 
furthest one is the Pluto. The other planets arranged according to their 
distances from the sun are the Venus, the Earth, the Mars, the Jupiter, the 
Saturn, the Uranus and the Neptune. Jupiter is the biggest planet; the 
Mercury is the smallest one. 


The heavenly bodies, called satellites, revolve round the planets in 
definite orbits. Each planet except the Mercury, the Venus and the Pluto 
has its own satellite. The Moon is the only satellite of the Earth. Thé 
Jupiter has the largest number of satellites, viz. eicven, of different sizes. 


The motions of the stars, planets and sateliites are highly regular. For 
example, it is possible to predict the time at which the sun rises on any 
day of any year accurately upto the fraction oí a second. We can locate 
the position of any planet on any day very accurately. In fact, the orbit 
of any heavenly body, its position and velocity etc. can be determined with 
a high degree of accuracy. All these caiculations are based on the know- 
ledge of the gravitational attraction among heavenly bodies. 


The gravitational attraction between the sun and its planet provides the 
centrinetal force necessary for the planets to describe the circular motion 
round the sun. In the absence of this gravitational force, the planet would 


. fly off in a direction tangential to the orbit. Exactly in a similar fashion, 


for the rotational motion ofa satellite round a planet, the gravitational 
attraction: between the planet and the satellite provides the necessary 
centripetal force. We shall now calculate the gravitational attraction 
between the sun and the earth and between the carth and the moon. 


(i) Gravitational attraction between the sun and the earth, 


In the previous article, we have seen that for a uniform solid sphere, the 
force of attraction at points outside it may be obtained by consideri ' its 
total mass to be concentrated at its centre. So in order to Staite the 
gravitational attraction between two heavenly bodies, considered as solid 


spheres, we can regard each of them as a point of i i 
EU Nee Edw chit po equal mass situated at its 


the mass of the sun, M,=1'99 x 10% gm 


the mass of the earth, M,—5:96x 101 gm 


The orbit of the earth is almost circul i 
Sith frin dai fue yrs Pen ae fa e of the 
attraction between the earth and the sun is f oe 
MM, 
E= Ga = 6'67x 10-8 x 199x 10" x 5:96 x 10” 
OE (1437 X1 
7953 X 10" dynes 353 x 10" newton. ; 
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(ii) Gravitational attraction between the earth and the moon, 


The radiusof the moon's circular orbit round the earth is d=3'84 x 10" cm. 
Now, 

the mass of the earth, M;—5:96 x 10 gm 

the mass of the moon, M,—7:33x 10" gm 
Hence, the gravitational attraction between the earth and the moon is 
zz -8 ~ 9'96x10? x 7:33 x 10% 
=6°67 x 10-3 x urea 

1976 x 10'5 dyne=1°976 x 10” newton. 

The sun is about 30 million times heavier than the moon ; yet the above 
calculations show that the gravitational attraction between the sun and the 
earth is only about 125 times larger than that between the earth and the 
moon. Clearly, this occurs due to the relative proximity ofthe moon to 


the earth. 
Tides are created under the action of the gravitational attraction exerted 


by the sun and the moon on the earth. 


8:5, Gravitational attraction of the earth, - 

In general, the force of. attraction. between any two material bodies is known 
as Gravitation, In particular, the force with which the earth attracts every 
body on or near its surface is called gravity, Gravity is thus a special case of 
gravitation and may be called, earth’s gravitation. Under its action, a body 
when released, falls vertically downward towards the surface of the earth, 
The attraction is mutual; the body also attracts the earth towards itself 
with an equal and opposite force. But as the mass of the earth is very 
large in.comparison with that of terrestrial bodies, any motion of the earth 
under the action of this force is quite imperceptible, 

Assuming the earth to be a homogeneous sphere of radius R, we can 
regard its total mass M to be concentrated at its centre. The force of 
gravity acting on a body of mass m on its surface is then given by 

Mm j 
F=G7y $us a (8°3) 
and is directed towards the centre of the earth. Thus in its vertical fall 
under gravity, a body actually moves towards the centre of the earth, A 
plumb line, when suspended, poirits towards the centre of the earth aud 
thus hangs in a perfectly vertical line. 

Acceleration due to gravity: As a body falls downwards, it is 
continuously acted upon by the force of gravity. The body thus possesses 
an acceleration, called the acceleration due to gravity. It is usually denoted 
by the letter ‘g’. From Newton's second law, 

F=mg 


GMMs 
F=G di 


or, g- GA E 
P-I/13 
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If the mean density of earth be p, then, M =4nR®p 
D g- G^, — GR ES Host ges) 


The eqns. (84) and (8:5) give the value of g on the earth's surface. 


If a body is thrown vertically upwards, the force of gravitj opposes its 
motion ; the body therefore gets decelerated, the magnitude of decelera- 
don being the same i.e., g. 


The value of g ata particular place remains constant. However, due 
to the shape of the earth not being perfectly spherical and due to the 
diurnal motion of the earth, the value of g varies from place to place on 
the earth's surface (vide Art; 8'6). The minimum value is obtained at the 
equator being about 978 cm./sec^ and the maximum value is obtained at 
the poles, viz., 983 cm./sec? The variation is thus very small. The 


standard value is taken as 980°6 cm./sec.* or 32:2 ft./sec.? which is obtained 
at the sea-level at latitude 45°. 


Weight of a body: The force with which the earth attracts a body is ` 


also called its weight (W). Weight of a body is thus synonymous with the 

force of gravity acting on it. Hence, ` 

W=mg En (8*6) 

The weight acts at its centre of gravity vertically downward i.e. 

: towards the centre of the earth. Variation in the valde ofg CHR a 

proportional change in the weight ofa body. Weight ofa body is there- 
fore, not an invariant quantity. — 


Mass and Weight: In our everyday utterances, we d 
distinction between the mass and the weight of a fede, D all 
said to weigh 5 kg., its mass being also said to be equal to 5 kg. However 
they are distinctly different quantities, the differences being : $ , 


(1) The mass of a body is the quantity of m i 

z . . t i i 

Mass is a measure of the inertia of the enis Itis uo a Eds S 
Weight of a body is a force viz., the 4 $ 


er aon a aa mE ease force exerted by the 
(2) The weight of a body at a place is 


: : given by the product of i 
and the acceleration due to gravity at product of its mass 
weight df à body tube ur te eg that place, Hence, the mass and the 


(3) The mass of a body remains cons 
n tant at i 
. of a body varies from place to place due to vit, hace = <= peat 
= centre of the earth, g=0 and so the weight of a bod MY Eo 
ut its mass remains the same, Remarc ithere ; 


: Similarly, if : 
moon, its wei y, if the body is taken } 
, eight decreases due to the fact that the adana] Breton 


of the moon is about one-sixth times of that due to the earth. Due to 


similar_reasons, a b x ; 
i5 ie qum ouf will weigh twenty-seven times more when taken 
7 oon or on the sun is the same 


its m; 
as that on the earth. Turon die, mm 
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Being an invariant quantity, the mass of a body is considered as one of 
its intrinsic property. Such consideration is inapplicable in the case ofits 
weight, because it varies from place-to place. 


8:6. Variation of acceleration due to £ravity. 


As mentioned in the previous article, the value of g varies from place to 
place due to different causes. These are now discussed below fully : 

(i) Variation with altitude: Let us consider a body of mass m 
situated at a height h above the surface of the earth. We assume the earth 
to be a perfect sphere of radius R and mass M. From the law of gravita- 
tion, the force of attraction of the earth on the body is given by 


Mm 
T C RB) 
If g' be the acceleration due to gravity at that place, then F—mg'. 
"BAZ M 1 
Aiecefore, g TG) A we (8:7) 


But from eqn. (8:4), the value of acceleration due to gravity on the 
surface of the earth is given by 


GM 

8£—Gg, 

g (R+hyP (147 of: ' (88) 
R 


When A is very small compared to R, then expanding binomially and 

neglecting the higher order terms, we have from eqn. (8:8) 
s'=e(1-7) "s (8:9) 

As h increases, g' decreases. Hence, the acceleration due to gravity 
decreases with altitude. : 

(ii) Variation with depth: Let us consider now a body of mass m 
situated at 4 at a depth ^ below the surface of the 
at the bottom of a mine. The distance of the 
body from the centre of the earth is then: (R—A). 
We draw a sphere concentric with the earth and 
of radius (R—A). The body lies on the surface 
of this inner sphere of radius (R—h) and just 
inside. the hollow spherical shell of thickness 
h. As has been stated earlier (Art. 8°3), the 
gravitational attraction inside a hollow: shell is VUL. soi ee ak 
zero. Hence, this portion of the earth does not — Fig. 8:3: Variation in the 
exert any Maece Ck force on the body. Mee d Due Ed 
Thus the force of attraction on the body is only due to the inner sphere 
of radius (R—/) and is directed towards the centre. 

Assuming the earth to be a homogeneous sphere of density p, the mass of 
the inner sphere — volume x density —$z(R—A) p. í 
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From the law of gravitation, the force of attraction on the body of 
mass m is 


p cron —enG (R—h)pm 


If g' be the acceleration due to gravity at that place at a depth of h, 
then, F—mg'. : 

AMOg'm$G(R-h)e e s (810) 

g is, therefore, directly proportional to (R—A). The acceleratian due 

to gravity inside the earth, then varies directly as the distance from the centre of 

the earth. As we go deeper inside the earth, the acceleration due to gravity 

proportionally diminishes and ultimately at the centre of the earth, it com- 


pltely vanishes, The weight of the body is thus zero at the centre of 
the earth, 


Now, from eqn. (8:5) we have g=4nGRp 


Braces =] nds e 
SUPR R 
UR XA h " 
or, g-e[i xz) es pee (8'11) 
From the above discussions, it is evident that the value of acceleration 


due to gravity is maximum on the surface of the earth. For points outside 


Inside the 
Earth 


Outside the the earth, the value of g is inversely 

Earth proportional to the square of the dis- 
tance from the centre of the earth [vide 
eqn. 877] and for points inside the 
earth, g varies directly as the aforesaid 
distance. This variation of g is shown 
by plotting its values against the 
corresponding distances [Fig. 8:4], R 
being the earth’s radius, 


(0) R Distance —> 


Fig. 8:4: Variation of g with distance face: On the surface of the earth 
from the centre of the earth 


The earth is an 
€ poles and bulging at the 
n the polar radius by, about 
i 's surface varies inversely as 
; its value is thus 
atthe equator. At any ot 


her place, g will 
If à be the latitude at any places then th 


j e value of acceleration due to 
gravity at that place, according to Helmert, is given by 


8'—:978*00(1--0:0053] sin*A) cm./sec,? 
(b) Variation due to the rotation of th h ab : 
account of the earth's spinning motion Vtrunp eee 


about itsaxis, all the bodies on the 


` 
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directicn opposite to the force of gravity, pr cosa 
the weight ofthe body appears less than Kei? 
its true value. 

Let us consider a body of mass m ---->mw*R 
situated on the earth’s surface at a point 
A of latitude A [Fig. 8:5]. The angular 
velocity of rotation of the earth around 
the polar axis NS is given by e. The 
body describes a circle of radius AB—r Fig. 85: Variation of g due 
where r—R cos A, R being the earth's to the earth's diurnal motion 


radius. The centrifugal force acting on the body along AC is thus given 
by mw*r, Due to gravity, a force F=mg acts on the body towards the 
centre of the earth i.e., along 40. The component of the centrifugal 
force on the body along AD i.e., opposing the force of gravity is 
mo*r cos A. Hence, the apparent weight of the body at 4 
=mg—mo*r cos À—mg—mo?*R cos? À 

If g' be the acceleration due to gravity at A, then the apparent weight 

is also given by mg'. 


s 2 2) 

5 -a [1E eom) i ne (8:12) 
—g[1-cos*à [Tics &=981 cm./sec.? ; R—6:367 x 108 cm. 
=a( 7988 - and w=2n/24 x 60x 60 rad./sec. ] 

At the equator, A=0° 3 80, cos A=] 

2 

g'=e(1 gehn 

At the poles, A=90° $$0,CO8À—0 . g'—g. 

Hence due to the diurnal motion of the earth, the variation in the acce- 
leration due to gravity is such that it is minimum at the €quator and maxi- 
mum at the poles. At intermediate places, its value lies between these two 
extremes. It should be noted that the variation in the value of g due to 
the causes (a) and (6) are of similar nature. 


8°7, Mass and Mean Density of the Earth, 
The mass of the earth (M) can be calculated from the relation 


8=G r4 if the values of g, R and G are known. Taking g—981 cm./sec.?, 


R—6:367 x 108 cm., and G=6'67 x 10-5 c.g.s. units, the mass of the earth 
is given by 
Rig 


M= =5'96 x 1027 gm, 
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The mean density p of the earth can similarly be calculated from 
eqn. (85) as 
3g 


°= TGR =5'46 gm./c.c. 


. Example 8:3. At what altitude above the earth's surface would the numerical 
value of g be half of that at the surface ? Given the radius of the earth — 6400 km. 


Solution ; Let the value of g be half of that at the surface at. an altitude 
hkm. Then if R be the earth's radius, we have from eqn. (8:8), 


MCI hoy 
3 (1+4) es ETRA 
R 


h=0'414R=0:414 x 6400 —2650 km. 
Example 8'4. Find the value of g in a mine four kilometres deep if g at the 
surface be 980 cm.|sec*, and earth's radius be 6400 km. 


Solution: We have from eqn. (8:11), the value of acceleration due to 
gravity inside the mine as, 


g'=a(1— g-980(1— 45.) —979*5 cm.[sec.? 


Example es The planets Earth and Mars have diameters 8000 mi. and 
4000 mi. respectively and the mass of the Mars is 0°12 that of the Earth. Ifa 
body weighs 100 Ib. on the surface of the Earth, what would be its weight on the 
Mars? What is the acceleration due to gravity on the Mars ? 


Solution t Let the weight of the body on the Earth be w, and the mass | 
and radius of the Earth be M; and R; respectively. If the mass of the body 
be m and the acceleration due to gravity on the Earth's surface be gı, then, 
1 


mg, GM 
2t 

Similarly, if the weight of the body on the Mars be We, where the accele- 
ration due to gravity is g» and if M; and R, be the mass and the radius of 
the Mars, then - 


Wa=mg.=G 


mM, SH We fe _ Ma, Ri 
Rè Wi £81 M, Rè 
‘But, w,—100 1b., M,—0:12 My, Ry= 4000 mi. and R, —2000 mi. 
C We=0°12x (an) X100 48 Ib 
2000 


g1=32 ft./sec?, 


W 48 
"9 8a rm 109 *32=15'4 ft. /sec.? 
8'8. Laws of falling bodies, 
It isa. common experience that a bo 
and as we now know, this ha 
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motion. When such downward motion takes place only under the action 
of gravity, the resistive forces due to air being absent, the following simple 
laws known as the laws of falling bodies, are found to be applicable, These 


of the leaning tower of Pisa. 

(1) in vacuum, all bodies starting from rest fall with equal rapidity, 

(2) m a given time, the velocity acquired by a body falling freely from rest 
is directly Proportional to the time. 

(3) The space traversed by a-body falling freely from rest is directly propor- 


tional to square of the time. 
Discussion of the laws, 


First Law — The first law seems contrary to our everyday experience as 
a heavy body appears to fall to the ground more quickly than the lighter 
one. But by experiments with bodies of different sizes 


observed slight differences between the time of fall of 
heavier and lighter bodies are due to the resistance of 
air. After the invention of exhaust pump, Newton 
conclusively proved the validity of the law by his 
well-known guinea and feather experiment, 


On inverting the tube, the coin will be found to fall 
more quickly than the feather. Air is then exhausted - 
from the tube by connecting it with an exhaust 


Pump. The coin and feather are then found to fal] Bi ves y 
ig. 86: Guinea an 
together, feather experiment 


This experiment thus confirms that the force of gravity causes an 
equal acceleration in al] bodies. Inequality 
in the time of fall is attributable to air 
resistance. 3 

A simple demonstration experiment: A 
© coin and a small piece of Paper are dropped 
from the same height simultaneously, The 
coin will reach the ground faster [Fig. 8*7 (a)]. 
But if the paper is put on the coin, then it 
will be found that both reach the ground at 
(a) (b) the same time [Fig. 87(5)]. S 

Fig. 8:7 Second Law—Starting from rest, if a 
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body falls for a time f and thus acquires a velocity v, then according 
to the second law 


y cC f, $i 7-=constant. 


Since acceleration is the tate of change of velocity, this law implies 
that the acceleration of a freely falling body is constant. 

Third Law—If a body starting from rest, falls through a height k ina 
time f, then according to the third law 


het ^ de Z constant, 


8:9, Equations of Vertical Motion, 


Since the downward motion of a body under the action of gravity 
is a rectilinear motion with constant acceleration, the equations of 
article (2°10) hold true. Replacing s by h for the height of descent, and f 
by g for the acceleration, we get the following equations of motion under 
gravity for a falling body : 


v—u--gt x we (8:13) 
h=ut+igt? oe (8:14) 
=u +2gh wae (8:15) 

When the body falls from rest, u=0, and the above equations reduce to 
v—gt eG as (8°16) 
h—igt? ii "T (817) 
y^—99h E sa (8:18) 


For a body projected vertically upwards with an initial velocity u, the 
force of gravity opposes its motion. The body thus rises with a retardation 
g. Taking the upward direction to be positive, the equations now become 


vy—u—gt bad a (8:19) 
h=ut—}gt® S . (8°20) 
mi eh A k (8:21) 


The maximum height attained by the body can be found by remember- 
ing that at the highest point, the velocity of the body is zero. The body 
stops there momentarily and then again falls downwards. Putting v—0, in 
equation (8:21), the maximum height of ascent H ig given by, 


u? 

= zw ash (8°22) 
The time of ascent T is given from equation (819) as 

uu 


We can easily prove that the time of. ascent —the time of descent, The 


time of descent T; is the time necessa i 
of ge" Hole ‘etn tent a fen to fall from rest through a height 
z 2 s 


U =ipT2 
9g $27 or, T,—u/g, which is the same as T. 
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So, the whole time of. Te 2u s te (8°24) 


Example 8:6, An anti-aircraft Ses is fired vertically upwards with a 
muzzle velocity of 294 m./sec. Calculate (a) the maximum height reached by it, 
(b) the time taken to reach this height, (c) the velocities at the ends of 20th and 
40th sec. (d) When will its height be 2450 m.? Given g —980 cm.|sec*. 


Solution: (a) Here the initial velocity u—294 m./sec. 
and g=9°8 m./sec.” 
From eqn. i me maximum height reached by the shell is, 
A E cave 
-5 "U2x98^ =4410 m.—4'41 km. 
(b) From eqn. (8:23), the time taken to reach the height is, 


(c) From eqn. (8°19), the velocity at the end of 20th sec. is given by, 
v=u—gt=294—9'8 x 207 98 m./sec. upward, 
and, the velocity at the end of 40th sec. is given by, 
v —294.—9'8 x 40— — 98 m./sec. 
The negative sign implies that the shell is falling downward. 
(d) From eqn. (8:20), hut — gt? or, 2450—2944— 1 x 9°87? 
or, t?—601+500=0 <. t=10 and 50 sec. 
At t=10 sec. the shell is at a height of 2450 m. and is ascending, and at 
the end of 50 sec. it is at the same height, but is falling. 


Example 8:7. 4 ball dropped froma tower strikes the ground in 6 sec. 
Find the velocity with which the ball strikes the ground and the height of the 
tower. Find the distance travelled in the last 3 sec. 


Solution: From eqn. (8°16), the velocity of the ball is given by, 
v —gt —980 x 6=5880 cm./sec.—58'8 m./sec. 

The height of the tower can be obtained from eqn. (8'17). Thus, 
h—38t5—3 x 980 x 6*—17640. cm.—176'4 m. 

i The distance travelled in the last 3 sec. 

| —the distance fallen in 6 sec.—the distance fallen in the 

first 3 sec. 

] =17640 — 4 x 980x 3*—13230 cm.—132'8 m. 


| Example 8'8. A stone is dropped from a balloon which is 441 m. above the 
: ground and ascending at 4'9 m.|sec. Find (a) the maximum height reached by 
l the stone, (b) the position and velocity of the stone 5 sec. after being dropped, 
and (c) the time taken to hit the ground. 
Solution: At the instant the stone is dropped, its velocity is equal to 
| the velocity of the balloon. Taking the upwards.direction as positive, the 
initial velocity of the stone is u=490 cm./sec. 
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(a) From eqn. (822), the maximum height reached by the stone above 
the point at which it is dropped is given by, 
ul 4000 5255 TAS ; 


Hence, the maximum height above the ground reached by the stone 
—(4414-1:225)—442:225 m. 
(b) From eqn. (8:20), the height of the stone after 5 sec. is given by, 
hut —$13—490x 5—4 x 980 x 25— — 9800 cm.=—98 m. 
The negative sign indicates that the stone is at that moment 98 m. 
below the point of release. Hence it is at a height of 
(441—98 )=343 m. above the ground. 
From eqn. (8:19), the velocity of stone after 5 sec. is given by, 
v=u—gt=490—980 x 5=— 4410 cm./sec.= —44'1 m./sec. 
The negative sign implies that the stone is falling downwards. 
(c) When the stone hits the ground, its displacement h—=—44100 cm. 
below the point of release. 
From eqn. (8:20), h—ut— gi? 
‘or, —44100=4901—2 x 980 x 72 or, 490/*—490:—44100—0 
or, (t—10)(t+9)=0 ^ t=10sec. or —9 sec. 
As the negative answer is absurd, the required time is 10 sec. 


810. Simple pendulum, 


o suspending a small heavy body from a fixed 

i support by a very fine long thread. . The weight 

AWN of the thread can be neglected in comparison to 
PAD that of the body. 

y x A small heavy Spherical ball suspended by a 


g- 8:8] constitutes in 


h is 
4. » € bob of the pendulum and oO is known as the 
peene a B Point of suspension, The effective length of the 
nom pendulum is the dis 


? Suspension and the 
Fig. 8'8 : Simple pendulum Fora spherical bob, th 


istance fi : 
and is thus equal to vs jp cd O to the centre of the bob 
radius of the bob, - ng 


At the position 4, when the centre i 
s à Ofgravity of the bob i ically 
below the point of Suspension, the bob is at rest. If it is slightly displaces 
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with decreasing speed until it reaches the point C, where it stops 
momentarily. For negligible air resistance, it is found that AC=AB. The 
ob then swings back and the motion is continued as described above, but 
in the opposite direction. This to and fro motion of the bob continues 


have described one complete oscillation, Thus during its oscillatory 
motion, as the bob passes through 4 towards B and on reaching B comes 
back to 4, moves towards C and then again returns to A, it executes one 
complete oscillation. The time required to complete one full oscillation 
is called the time period or simply the period of oscillation. The number 
of full oscillations executed in one second is called the frequency. If 
the period be T and n the frequency, then 


` nT—1 ; or, n=4 


811. Laws of simple pendulum, 

The motion of a simple pendulum obeys the following laws, known as 
‘L1ws of simple pendulum’. These laws explain how its motion depends on 
the angular amplitude, the effective length of the pendulum, the accelera- 
tion due to gravity at a place and the mass of the bob. 

I. Law of isochronism ; Angular amplitude remaining small (not exceeding 
4°), the period of a pendulum of given length at a given place, remains the same 
being independent of the amplitude. 

II, Law of length: For oscillations of small amplitude, the period of a 
simple pendulum at a given place varies directly as the Square root of its effective 
length. À 
If T be the period of a simple pendulum of effective length / at a given 
place, then Teyi, ; 

III Law of gravity: For a simple pendulum of given length, if the 
amplitude be small, the period varies.inversely as the square root of the acceleration 
due to gravity. ; : 


: : 1 Y 
If g represents the acceleration due to gravity, then Toc VE the effective 


length / being constant. 
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IV. Law of mass: The period of a simple pendulum at a given place is 
independent of the mass or material of the bob, provided the effective length of the 
pendulum remains the same. 

The laws can be summarized as 

(i) if] and g are constant, T is constant (Laws I & IV) 
(i) if g is constant, Te vT (Law II) t 
Gii) iflisconstant, Toc. (Law IIT) 

Vg 
Combining, we get Toc $3 
g g Y : 


or, T—constant X if i 
The value of this constant may by shown to be equal to 27. 
^ THI f L j e (825) 
Vi 
Rearranging the equation (8°25), we get 


gr, Am -. — (8:26) 


This shows that when the period and the effective length of a simple 
pendulum are known, the acceleration due to gravity at a place can be 
easily determined. 


8:12, Verification of the Laws of Pendulum, 


The laws of pendulum may be experimentally verified as follows : 


Law I : A simple pendulum with a given effective len i 
oscillate with a small angular amplitude, not exceeding "dE The nh of 


oscillation is measured by noting the time necessa i 
É a T y to complete a given 
number of oscillations, say 20. On changir n; the r i i i 

2 g amplitude of oscillations, 


litude d 
mentioned limit of 4° and repeating p oes not exceed the above- 


the measurement, it will be found th 
the period of oscillation always remains th ^ Pn EM 
a dips piodslom doii esame. Thus the oscillations of 


' en number of oscillations, say 20 
it. ie pisa of the string, the effective length is alei l Te 
us repeated with different lengths of the string and the 
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always the same, provided the amplitude of oscillation is small. Thus, 


VI — constant ; or, Tæy], 


l——— 1— 
(a) (b) 
Fig, 8:9 

A plot of T? against / will be found to be a straight line (Fig. 8:9(a)]. 
The curve obtained by plotting T against ! will be parabolic [Fig. 8:9(5)]. 

Law III: A simple pendulum with a given effective length is taken to 
different places and the periods of oscillation are measured. Since the 
value of g varies from one place to another on the surface of the earth, the 
periods will be found to be different. However, the variation is such that 
the product 7? x g comes out to be always the same, i.e. 

TX ^/g—constant, whence Toc 4 

Law IV: Spherical bobs of different materials and different sizes are 
taken. Altering the lengths of the string, the effective lengths in each case 
are kept the same. On measuring the periods of these pendulums in the 
usual way, it will be found that the period always remains same for 
oscillations of small angular amplitude. 


8°13, Seconds Pendulum, 


If for a pendulum, the time required to swing from one extremity to the 
other is one second, it is called a seconds pendulum, Since this means that 
the time necessary for half an oscillation is one second, the period ofa 
seconds pendulum is obviously two seconds, 

Since, T—2z4/ I/g, for a seconds pendulum, 2—2z4/ Ig 


1-8 N E (8:27) 


In C.G.S. system, taking 2 —981 cm./sec.? 


..981. 981 _ go, 
l= a 9:87 99°39 cm. 


In F.P.S. system, g=32°2 ft./sec.? 
92/2. as 
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814. Gain or loss of time of a pendulum due to change of place. 


As discussed in article (8:5), the value of acceleration due to gravity, 8, 
varies from place to place. Since the period of a pendulum of given 
effective length varies inversely asthe square root of g, it also changes 
correspondingly. The pendulum thus either gains or loses, If at two 
different places, the values of acceleration due to gravity be g and g’ and 
the corresponding periods of a:pendulum of effective length / be T and 
T', then 

T—9«Vl|g, and T'—274/I[g' 

TOP 

T eee mo (8:28) 
If T’>T, the time required to execute one oscillation in the second 


place is greater than the first ; the pendulum goes slower and loses. If 
T' «T, the pendulum runs faster and gains. 


(i) Effect of height: With increasing altitude above the earth's 
surface, the value of acceleration due to gravity diminishes and thus the 
_ period of a pendulum increases. From eqn. (8:8), we get, 
g.oR a 
g (Rchy 
from eqn. (8:28) T REA. T+ h 


, In h 
on T =1(1+4) Sed i (8:29) 
where T' and T are the periods at a height h above the earth's 
on the earth's surface respectively, R being the radius of the ongles 
T'2T a pendulum loses when taken upwards. Measurement of this loss 


rovides a method for the determinati ; 
ES 812). etermination of the height of a place (c. f. 


(ii) Effect of depth; Since the acceleration due to gravity diminishes 


as we go deeper inside the earth, the period of : 
From equation (8:11), Macnee of a pendulum increases, 


g ..R—h 
ELAR 
from eqn. (8'28), T E 
uw | or, T'-T (+4 An Eon 
i cu vie eee A c agi the earth’s surface. Since; T’> io 


(iii) Effect of latitude: As explained i n 
acceleration due to gravity [eciam with Miti. LU the value of 
equator and maximum at the poles. Hence, the peri od r pea at the 
pendulum is 


GRAVITATION 195 


largest at the equator and smallest at the poles. A pendulum thus gains 


1.€., runs faster as it is taken from the equator to the poles. 


Example 8:9, Calculate the acceleration due to gravity at a Place where a 
simple pendulum 150 cm. long executes 25 oscillations in 61°5 sec. 


Solution : T—5 246 sec, 


T=20y, ft SL opinás 
g 8 
—47°l 4x(3:14)* x150 ; 2 
Hence, g— T (246) 977:9 cm./sec. 


Example 8:10. How will the time period of oscillations of a simple pendulum 
transferred from the earth to the moon change? Given mass of earth—5:96 x 10?! 
gm., of moon=7'3 x 10% gm. ; radius -of | earth— 637 x 108 cm., of moon 
=1:74 x 108 cm. 


Solution; Let 7, =Time period on earth 
Tm — Time period on moon 
R, =Radius of earth 
Rm —Radius of moon 
M. —Mass of earth 
Mm= Mass of moon ; 
8e —Acceleration due to gravity on earth 
8m —Acceleration due to gravity on moon 


We have from eqn. (828), 
Tn, / Ee 
T, rs 


Again from eqn. (8'4) we have, 


=G: L6 Mn 
B= Gre and En C RS 


Tn Rm M, 174x108 5:96 x 1027 —9:47 
T, RNM. 637x I0N| 73x10" 
Example 8:11. 4 pendulum which beats seconds at the place where g—981 


cm./sec* is taken to a place where g=980'32 em.|sec*. How many seconds does it 
lose or gain in a day? By how much its length be altered to keep correct time ? 


Solution: Let T, and 7, be the original and new period of the pendu- 
lum respectively. 


AED —L— 
We have Tj—2. E and n= SS 


Tı .4/98032 .. /981—068.. 068 
Hence, Ts 981 981 y! 981 
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It is obvious that Ty>7; and so the pendulum will lose time. Let n= 
no. of sec. lost per day. Since the number of sec. in a day is (24 x 60 x 60) 
or 86400. 

(86400 —n) 7, =864007; 


CU e Ap EC UB d 
or, 86400 n=864007'= 86400 (1 SD 
1.,0:68 
— 86400 (1 —3xgr-) (approx.) = 86400 — 30 


n=30 ; hence the pendulum loses 30 sec. per day. 
As the pendulum ioses 30 sec. a day, it beats (86400—30) or 86370 
times in a day i.e., in 86400 sec. 
Time of one half-oscillation—$8$2$ sec. 


Since the time of one half-oscillation is 7/I/g, we have 
7, ..96400 . 21 _{ 86400 \? 
"y Hs 786370 roham) 7 (1) 
Let the length of the pendulum be shortened by x, so that it keeps 
correct time. It then becomes a true seconds pendulum and time for one 
half-oscillation is, therefore, equal to 1 second. 


5 Lx el M ul ^ e (2) 
From (1) and (2) ODORE AE ETE BST Fi 
= (t 5E3770) — 1 Capprox.) SH 
wx 
Since, g=980°32 cm.[sec.?, ~. x= X60 007 cm. 


Hence, the length must be shortend by 0:07 cm. to keep correct time 
Example 8:12. 4 pendulum beats seconds in a certain place on the surf. 
of the earth but when it is taken to the peak ofa mount, EY 


day. Find the height of the peak. [Earth's radius is 6400 ie T. En Per 


Solution :: The period T on the earth’s Surface—2 sec, Let T' be the 


period of the pendulum on the peak of th i i 
R be the radius of the earth, then from x (899), eee ee tf 


h 
T=21+2 

xi E al " (1) 
Since at the peak, pendulum loses 


20 sec. i 
pletes (86400—20) — 86380 half bacillations per Pena EE com- 


-.. Time of half an oscillation — $3499 sec, 
ie, 706400 
2 86380 s 2s e 
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h _ 86400 
From (1) and (2), Lt 78638 


20x6400 .. 
h— 96880 —1:48 km. 
8'15. . Motion of planets and satellites (Essential points), 

We all know that the planets revolve round the sun. The heavenly 
bodies, called satellites, revolve round the planets in the same way as the 
planets keep going round the sun. In 1957, man was first able to put an 
artificial satellite in orbit around the earth. The theoretical possi- 
bility of this was, however, discussed by Newton himself. There 
is no essential difference in the dynamical behaviour of an artificial 
satellite or a natural one like the moon and a planet. 

The shape of the orbits of the planets round the sun is elliptic. 
The sun lies at one of the foci of the ellipse. Fig 8:10 shows such 
an elliptic orbit of a planet with the sun situated at one of the foci, viz. 
Fi The point F, represents 
anotherfocus ofthe ellipse. The 
line AB and CD are called the 
major axis and minor axis of the 
ellipse respectively. The point A, 
where the planet is nearest to the’ 
sun is called perihelion and the 
point B, where it ís furthest from 
the sun is known as aphelion. From 
the geometry of ellipse, it can be 
inferred that the sum of the dis- 
tances of the planet from the two 4 
foci F, and Fe remains always the same. It should also be noted that if the 
foci F, and Fa come more and more closer together, the major axis 4B and 
the minor axis CD become more and more nearly equal; when the 
foci coincide, the axes are equal and the ellipse becomes a circle. 
For the planets of our solar system, the orbits are very nearly circular, 
the maximum variation in distances from the sun being just less 
than 3 percent. While moving in elliptic orbit, the speed of'a planet 
increases when it comes nearer to the sun. Thus the speed of a 
Planet is greatest at the perihelion and least at the aphelion. For the 
earth, the maximum and minimum values of the speed are 18°8 mile/sec 
and 182 mile/sec,. The near equality of those two values shows that the 
earth's orbit is very nearly circular. 

As mentioned earlier, the above discussion also holds true for the motion 
of a satellite, whether natural or artificial, around a planet. 

8:16. Motion of the Planets : Kepler's laws of planetary motion, 

Kepler after a thorough and careful study of the vast accumulation of 
data collected by Tycho Brahe, a Danish astronomer, concerning the 
motions of the planets round the sun, formulated three famous laws which 

P-I/14 


Fig. 8:10: The orbit of a planet 
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are now known as Kepler’s laws of planetary motion. The laws may be stated 
as follows : 
I. The planets revolve round the sun in elliptical orbits with the sun at 
one of the foci. 
IL The straight line joining the sun and any planet sweeps out equal areas in 
equal intervals of time. 
IMI, The squares of the periodic times of orbital motion of different planets 
are proportional to the cubes of the mean distances of the planets from the sun. 
Experimental observations show that except for some minor deviations 
which can be properly accounted for, Kepler’s laws give an accurate des- 
cription of the motion of the planets round the sun. We shall now briefly 
present a closer examination of the contents of these laws : 
First Law— This law simply specifies the shapes of the orbits described 


by the planets revolving round the sun. A detailed discussion has been 
made in the previous article. 


Second Law—The first law says nothing about the speed with which 
the planets move in their orbits. The second law, also known as /aw 
of equal areas, specifies how the speed of a planet varies with its position 
on the orbit. In Fig. 8°11, the 
shaded regions represent the areas 
sweept out by the line joining the 
planet to the sun in equal intervals of 
time. From second law, all these 
areas are equal. It is obvious from 
the figure that in order to maintain 
this equality, the planet must move with 
a larger speed when it is nearer to sun. 

Fig, 811: Illustration of Kepler's Third Law—The period of a 

second law planet is defined as the time spent in 
making a complete revolution round the sun. The mean distance of the 
planet from the sun equals the arithmetical average of its largest and smal- 
lest distances. It is obvious from Fig. 8°10 that this equals the semi- 
major axis of the ellipse. Thus according to 
the third law, square of the period of a planet 
moving in an elliptic orbit is proportional to the cube 
of the semi major axis of the ellipse. 

This law can be simply proved assuming the m 
orbit to be circular. In Fig. 8:12, M is the mass 
of the sun, mis the mass of the planet moving 
with a speed » and r is the distance 
between their centres. The gravitational force : 
of attraction on the planet towards the sun POMA 


< 


— 


Pai c5 Mm : 4 
is given by, F=G -m which provides the necessary centripetal force " 
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so that the plant moves in a circle. Hence, G Anam 

c: CM -y E. e (8:31) 

If the period of the planet be T, then from the relation s= vt, 
y= Bar ar X (8°32) 

Combining these two equations, we get 

GM 4rr 

TT 

or, rem Z (8:33) 


Since all the quantities inside the bracket are constants, T?ocr*, which is 
Kepler's third Law. 

It follows that for two planets, 

T; gal 2 ; e: " 
TA gs (8:34) 

Thus if the period and the mean distance from the sun be known for 
one planet, then the mean distance of another planet can be deduced 
from its observed period. We also conclude that the period i.e., length of 
the year is shorter for planets nearer to the sun. ; 

Mass of the sun; From a knowledge of the period and the distance. of 
a planet, say earth, from the sun, the mass of the sun can be calculated 
from equation (8:33). Thus considering the planetary motion of the earth, 

Period 7— 3654 days=365} x 24 x 60 x 60 sec. : 

Mean distance r—1:497 x 10 cm. from the sun. Since, G—6:67 x 10-* 
C.g.8. unit, we get 
4r? _., 
Gr —]1:99 x 10? gm. 

Considering the data for any other planet, the mass of the sun can also 
be calculated. 

Comparison of masses of heavenly bodies: Making use of the third 
law, masses of heavenly bodies which have satellites at known distances 
and of known periodic times can be compared. From equation (8°33), 
we have 


M= 


a =i aa constant 
r 
Considering two heavenly bodies of masses M, and Mj, having two 
Satellites at distances r, and rą from their respective parent bodies, and of 
periods T, and Ty, we get 


rà X rg 
or, Mi Ty e. (8°35) 
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Example 8:13, Calculate the average rate at which the line joining the sun 
to the earth is sweeping out area, in km.*/sec. The average linear speed of the 
earth in the orbit is 29:5 km.[sec., and the average radius of the orbit is 
16 x17" km. 

Solution: From eqn. (8:32), we have 

r=2rr _ 2n x 16 x 10" 
y 29:5 
The area of orbit=ar? 


the average rate of sweeping out area by the line joining the sun 


? mx (16x 10x 29° 
to the earth =p = 7% Ox) 295. 23:6 x 10° km/sec. 


Example 8°14. The mean angular velocity of the earth around the sun is I? 
per day. The distance from the sun to the earth is I:5x 109 km, Determine the 
mass of the sun. Given that G —6:67 x 10-9 C.G.S. unit. 


Solution: Period 7260" — 360 days—360 x 24 x 60x 60 sec. 


From eqn. (8°31), 
Mate —__ 4x (3'14)*x (1:5 x 108 x 105) 
GT? 6°67 10 x (360 x 24x 60 x 60)? 
2 x 109 gm. 
Example 8:15, The planet Pluto is 


: on an average, 40 times as far from the 
sun as the earth is. What is Pluto’s orbital period, in years ? dh 


Solution: Let T, be the period of the Pluto in its di 
from the sun. If T; be the period of the eart Era the 


h € j 
sun, then from eqn. (8:34), and rs its distance from the 
EEA 3 
TS orn 


Now, T4—1 year, 71—40r, 
T/—40* or, T,—253 years. 
Example 8'16, A satellite of Jupiter com 
d om pletes 
the radius of the orbit being 1:86 x 108 km. The iy ersten E fx p 
earth once in 27 days, distance of the moon from the earth bal "96510" km 
Compare the masses of Jupiter and earth. id 2 i; 
Solution: Let M, be the mass of Jupi 
; 2 1 piter and r, be i 
M pir n period T; from Jupiter. Similarly if M, je. Ee pe 
ant s : bs ben d "e TUM is at a distance of r, from the earth, then 
1s 2H f= ays ; rg—3: ) . 
e me (35), / days ; r—3:'6x 105 km. ; T,—97 days. 
M, 2927 
M, (36x 1058 
8:17. Motion of the satellites, 


x (86x10 _ 4g 


All of p. a , r describing the motion 0 satellites, 
I the laws o Ke ler re. quite valid 0 
Let us consider a satellite of mass sale Ti ound a coke 
oi mass M 
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the distances of their centres being r (Fig. 8:13]. r is also called the orbital 
radius. From equation (8°31), the velocity v of the satellite, called the 
orbiting velocity, is given by 


raf SM s “+ (8°36) 


This equation applies universally to any 
satellite moving in a circular orbit around 
any heavenly body. 


X 


J| ROCKET 


ed 


In the case of an artificial satellite 
circling the earth at a height A above 
the earth's surface, we have Fig. 8:13: Motion of the satellite 

r=R+h and v= S1 = x 
where R and M are the radius and mass of the earth respectively. 

Now, if g be the acceleration due to gravity at earth's surface, then for 

any body of mass m, we have 


mg—G—- or, GM —gR 
Therefore, the orbiting velocity of an artificial satellite is given by ; 
=,/ IRE E ^i 8:37 
4 Jk e R+h ou 
The period of revolution of the satellite about the earth is given by 


T= 2r... 2n(R E A) " jd (8:38) 
y y 


When is very small compared to R i.e., when the satellite is circling 
the earth very close to the surface, rœR and we get from eqns. (8:37) 
and (8:38) 


Y— VR and T- as JE "x (8:39) 


Putting g=981 cm./sec.? and R=6'367 x 10° cm., we get v=about 7850 
m./sec. or about 17500'mi/hr. The value of T comes out to be 1 hr. 
23 min. Satellites orbiting the earth at larger distances will have longer 
periods ; obviously the orbiting velocity in larger orbits is smaller. If the 
velocity imparted to a body be less than this particular velocity for rotating 
in an orbit it will drop down to the surface of the earth. 


Launching of artificial satellites: In practice this high velocity is 
given to an artificial satellite with the help of multistage rockets. 
To avoid air resistances, the satellite is carried to a height of several 
miles by very powerful multistage rockets, To penetrate the dense 
lower part of the atmosphere by the shortest possible route, initially 
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the rocket. rises vertically. Afterwards, it is gradually tilted by a 
guidance system. Ultimately when the requisite speed is reached, the 
rocket provides a transverse motion to the satellite, thereby placing it in 
orbit. With the help of remote control devices, the rocket is then separated 
from the satellite which goes on revolving round the earth. 
Example 8:17. Given the Following data, calculate the period of revolution 
of the moon round the earth, 
Radius of the earth=6400 km. 
Distance of the moon from the earth = 3:84 x 105 km. 
Acceleration due to gravity on earth's surface— 980 cm.|sec.? 
Solution: From eqn. (84) we get 
GM -:gR* 
Combining with eqn. (8:33) we get 
puter 
: gk 
where M —mass of the earth 
R=radius of the earth 
7— distance of the moon from the earth 


2r r2x314x 9*8B4 x 105 x 108 3:84 x 105 105 
de ii £7 — BROT N 


z 6 5 —— ÁÀÁA—- sec. 


25g 
—27'3 days. 


Example 8:18. What should be the orbital radius of an artificial satellite 
that will hover over a given place o 


n the equator i.e., will turn in the same rate as 
the earth ? r 


Solution : Let T be the period of revolution of the satellite about the 


earth, which must be the same as the period of revolution of the earth 
about its own axis. Therefore, T=] day=86400 sec, If, be the raus 


of the orbit of the satellite, then from eqn. 8°33 we have, 
GM 
ri 


4n? 
G—6:67 x 10-8 C.G.S. unit, M= 5:96 x 10" gm. 
7422 x 10* km. 


its period of revolution. Given G—6:66 x 10-8 C.G.S. unit, M =6 x 10 gm. and 
R=6400 km. 


Solution: The radius of the 


orbit f ti i = = 7200 
m= TAi ea, Foe it of the satellite r 6400--800 — 720 


n. (8:36), t E EE yep 
of projection is given eqn. (8°36), the orbiting velocity i.e., the velocity 
v= [OM _ [666 104 x6x 10" 
r 


72xl =7°45 km/sec. 
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For the period of revolution we get, 
T 2r _ 2m x 7200 
y 7°45 
Example 8:20, An artificial satellite of the Earth moves in a circular orbit 
at a distance of 600 km. from the earth’s surface. Find the linear velocity of the , 
satellite and its period of revolution around the earth. Given, radius of the earth 
6400 km. and acceleration due to gravity at earth's surface =980 cm. sec. 


Solution: From eqn. (8°37), 


4 Rf "m hec ne 
Rekao ra (6400+600) x 105 “™-/Sec. 


=7°57 km./sec. 

From eqn. (8°38), 

T=2R +h) 2x314x7000 sec.=96'8 min.—1 hr. 36:8 min. 
[E 7:97 c 
8:18. Escape Velocity. 

Escape velocity is defined as the velocity a body must have in order to ‘creak 
the bonds of gravity’ or ‘to escape the earth's gravitational pul. Since the 
earth's gravitational pull extends to infinity (however weak it may be at 
great distances), escape velocity is apparently the velocity that must be 
possessed by a body in order that it can move infinite distance from the 
earth into space. It is obvious that the orbiting velocity of a satellite must 
be less than the escape velocity ; otherwise it would fly into outer space. 

Using a method involving calculus, it can be proved that the escape 
velocity for a body projected from the earth’s surface is given by, 


sec.=1°7 hr.=1 hr. 42 min. 


à 


=) 2G 
E ee 
where M is the mass of the earth and R its radius. Since gR?=GM , we 
get ve=V2gR a à 3E es (840) 
Comparison with equation (8:39) gives, 
V escape =V 2V oro — 141 v orbit tee tee (8°41) 


Putting the values of g and R, we get v,—11200 m./sec., or about 
25,000 mi/hr. Hence if a body is projected with a velocity exceeding 
25,000 mph, it will never return to the earth. The velocity for launching 
artificial satellites must, therefore, lie within the range of 17,500 mph to 
25,000 mph. 


8'19. Weightlessness in orbiting satellites, 


If a body rests on a surface, its weight acts downwards i.e., the body 
presses the surface. According to the Newton's third law, the surface 
exerts an equal and opposite reaction on the body. The sensation of 
weight is felt due to this vertical reaction acting on us applied by the 
surface on which we stand. 
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Let us now consider an artificial satellite rotating round the earth in an 
orbit very close to its surface. From equation (8:39), the orbiting velocity 
is given by v—4/gm. Considering an astro- 
naut inside the satellite, the forces acting 
on him are the weight mg towards the centre 
of the earth and the oppositely directed 
reaction force N applied by the surface on 
which he stands [Fig. 8:14]. The resultant 
of these forces must provide the centripetal 
force F, which acts on him for moving in 
the circular orbit. Thus, F,—mg—N 


my? : SR 
or, -R "EN ; putting v—4/gR, we 


Fig. 8-14 get, N—0 

The vanishing of the reaction force means that there is no action i.e; 

the force of Sravity on the astronaut has apparently vanished. The 
astronaut will thus have the feeling of having no weight at all. This is 
said to be the condition of “weightlessness”. This is a very peculiar 
sensation and the astronaut will simply float inside the satellite. Every 
object inside it will also become weightless. 
. This condition can be simulated on the earth’s surface for a very short 
interval of time by flying an aeroplane in a loop with a requisite velocity, 
o that the centripetal acceleration y*/r equals g. The astronauts are 
trained beforehand so as to get accustomed with this state of weight- 
lessness. 

An important branch of space travel is concerned with the study of the 
effects of prolonged weightlessness on human beings. To avoid this, the 
orbiting satellites are nowadays made to spin around their axes ; the 
resulting centripetal force provides the sensation of weight, 1 


€ EXERCISE @ 
[A] Essay type questions, 


1. (a) State Newton's Law of Gravitati 

(i ; : tation. What do you mean by ʻa i 
kho ? Which one is Sreater—the attraction of the earth on 1 Ib, of A egens va A 
of 1 lb. of lead on the earth ? Code o ren 


( ) gr. 
b Explain with dia; am why and how the acceler ation due to gravity varies from plac 


3. (a) What do you mea [ H. S. "82 
n b * , . S. ] 
Place where 24980 cm, /sect. Y a ‘seconds pendulum’ ? Calculate its length in cm, at a 
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(b) State and explain whether the time period of the pendulum will change in the follow- 
ing cases :— 
(i) ifa hollow bob is taken instead of a solid bob, 
(ii) if the hollow bob is partially filled with water. 
(iii) if the pendulum is taken to the top of a mountain. [ H. S. 78] 

4. (a) State and explain Newton’s Law of Gravitation, What is meant by acceleration 
due to gravity ? How does it vary with the altitude above sea-level and latitude of a place ? 

[ H. S. 79] 

(b) What is the unit of universal gravitational constant in C. G. S. system ? [ H. S.'81] 

5. State and explain Newton’s law of universal gravitation. Why the law is termed 
‘universal’? How do you find the gravitational attraction for extended bodies ? 

6. (a) Distinguish between ‘gravity’ and ‘gravitation’, How do you determine the mass 
and the mean density of the earth from the given values of gravitational constant, acceleration 
due to gravity, and the radius of the earth ? 

(b) Find the variation in the value of the acceleration due to gravity with the distance 
from the centre of the earth, both inside and outside it. Describe the said variation 
graphically. 

(c) Prove that—“The value of the acceleration due to gravity at the centre of the earth is 
zero", 

7. Define *mass' and *weight' of a body. Whatare the differences between them? Will 
the weight of a body be greater at the poles or at the equator ? Explain with reasons. 

While buying commodities at Darjeeling, which method is more profitable to weigh the 
commodities in a spring balance or in a common balance ? 

8.(a) State and explain the laws of falling bodies. 

(b) Two bodies of different masses are dropped from two different heights. Will the ratio 
of time taken by the two bodies to drop through these distances be same as the ratio of the 
Square root of the distances ? Explain your answer. i 

(c Write down the equations of vertical motion. Prove that the time of ascent is equal 
to the time of descent. : 

(d) Obtain the expression for the whole time of flight of a body projected vertically 
upwards: qt. 

9. Two reasons for Which the value of the acceleration due to gravity varies from place to 
place on the earth's surface are :—(i) the oblate spheroid shape of the earth and (ii) the 
diurnal motion of the earth. Explain. A are D 

10. (a) What is simple pendulum? ‘A simple pendulum can not be redtised in practice’. 


Explain the statement. i 

(b) State the laws of a simple pendulum. How can you measure acceleration due to 
gravity with its hel 

ur f How ad v measure the altitude of a mountain and the depth of a mine with the 
help of a simple pendulum ; 

(b A hollow E is filled with water through a small hole init. It is hung by a ee 
thread and as the water flows slowly out of the hole at the bottom, one finds that the period o! 
oscillation first increases and then decreases. Explain. [ Model Questions, H. S. Council ) 

(€) Will a pendulum clock gain or lose when it is taken to the pole from the pastor ? 

12. (a) State Kepler’s laws of planetary motion. How can you establish Kepler's third law 
from the law of gravitation for a planet moving in a circular orbit. i 

(b) How can you compare the masses of different planets having satellites from Kepler’s 
third law ? Sus : j 

(€) Show that the smallest period of revolution of an artificial satellite in a circular orbit 


around a planet (assumed spherical) is determined only by the average density of matter of the 
planet. [ Jt. Entrance '75 ] 


13, (a) Obtain from Newton's Law of Gravitation expressions for the orbiting velocity 
and period of revolution of a planet moving round the sun in a circular orbit. 
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(b) Explain how the mass of the sun can be calculated from the above expressions. 
(c) Prove that the length of a year is shorter for a planet nearer to the sun. 

14, What do you mean by the orbiting velocity of a satellite? Calculate the orbiting 
velocity and the period of revolution of an artificial satellite assuming its orbital radius to be 
equal to the radius of the earth, 

15. (a) What is ‘escape velocity’? Write down its magnitude. Find its relation to the 
orbiting velocity of an artificial satellite circling the earth very close to the surface. 

(b) Is it possible to keep an artificial satellite stationary at a particular place of the sky 
with respect to an observer on the earth's surface ? If this is possible, find its height and the 
direction of its motion, 


[B] Short answer type questions 


l. Justify with reasons whether the period of a pendulum increases, decreases or remains 
the same and whether a clock gains, loses or maintains correct time in the following cases 
when :— 

(i The diameter of the bob is increased (ii) The mass of the bob is increased, its diameter 
remaining the same, (iii) The clock is taken to Darjeeling from Calcutta. (iv) The clock is 
taken to the moon from the earth, (v) It istaken to the bottom of a mine. (vi) It is taken 
upwards in a rocket with an acceleration g. (vii) It is placed in a lift moving up with uniform 
velocity or with uniform acceleration. (viii) It is placed in a lift moving downward with 
uniform velocity or with uniform acceleration. (ix) It is kept inside an artificial satellite, (x) It 
is allowed to fall freely. (xi) The bob is hollow and filled completely with a liquid, (xii) The 
clock is taken to different places on the earth's surface, (xiii) It istaken to different places on 
the Tropic of cancer. 

2. Explain with reasons the following statements :— 

(i) A freely falling body has no weight. (ii) In diffe 
of matter is not contained in 1 kg, wt. of a sub: i ight i i 
balance. Gil) A oad fn 4. mawienisious sari ee on if the weight is measured by a spring 


from the earth’s surface does not depend on the 
of an artificial satellite does not depend on its mass, 
at the moon's surface than at the earth’s surface. i) “pleat tte E ce vcity is less 


ves with (i inr E 
(iii) changing acceleration, C) constant velocity, (ii) constant acceleration, 
PC le em HR pions bes 5 on all bodies on the surface of the i (HH 
By day (when the sun is *above our Ehe Misi eos With the force of earth's attraction. 
at night all objects should be heavier than they are "e is bs ali Mer. e Therefore, 


5. Write down t : : [ Model Questi 
diameter of the peor) pid ifr aa justification, If ie cies ^na 
the earth's surface (i) remains the ü © value of the acceleration due to gravity at 


_ @) As it ascends or descen 
di) Can you support the statement that the net ti 
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if no force except gravity acts on the -body ? (iii) Does the body always possess acceleration 
during its upward and downward journey 1 (iv) Does the body possessa negative acceleration 
at any instant ? 

7. A ballis dropped from the top of a building while another is thrown horizontally at 
the same instant. Which ball will strike the ground first ? [LI7."M] 

8. “A body possessing larger mass has a larger weight and smaller mass has a smaller 
weight. The mass of the earth is very large, Hence the weight of the earth in enormous.” 
Justify the statement, 

9. A block slides down a smooth inclined plane when released from the top, while another 
falis freely from the same point, Which one of them will strike the ground (i) earlier (ii) with? 
greater velocity ? [I.I 7.774] 

10. An instrument package is released from an orbiting artificial satellite by simply 
detaching it from the outer wall of the satellite. What happens to the package ? 

11. When a ball is thrown up the magnitude of its momentum decreases and then increases, 
Does this violate the conservation of momentum principle? [£17.79] 

12. Will the length of the year increase or decrease, if the distance between the sun and the 
earth decreases due to any reason? Justify your answer. 

13. An astronaut on the surface of the moon finds that the period of a simple pendulum 
there is much larger than on the earth and that the pendulum continues to oscillate for a much 
longertime than on the earth. What informations regarding the moon could be obtained 
from these observations ? [ZI T7 


[C] Simple Problems 


1. Find the force of attraction between neutrons which are at a distance of d=10-*cm. 
from each other, The mass of a neutron m-—1:675x10-* gm. and G«6:67x10-* C. G. S. 
unit, í [ Ans. 1:87 x 107? dyne] 

2. Given that, mass of earth me==5:98 x 10% kg, ; mass of moon mm=0°0123 me, and the 
mean distance between them d=3-84 x 105 km. ; Calculate (a) the gravitational force of attrac- 
tion for each other, (b) the acceleration of each that is produced by this force. 

[ Ans. (a) 1:99 x 10?» newton, (b) 2:7 x 10-* m./sec.*, 3:33 x 10-5 m. /sec?. ] 

3. A rocket flies to the moon. At what point of the straight line connecting the centres 
of the moon and earth will the rocket be attracted by the earth and the moon with the same 
force ? Given that, mass of earth 5:96 x 10% kg., mass of moon=7°3 x 10** kg., mean distance 
between them=3-84 x 10* m, [ Ans. 3:46 x 10* m. from earth ] 

4. Calculate the mass of earth from the following data : ' 
873980 cm./[sec.*, G—6:67 x 10-* c. g. s. units and Re6x 10* cm. [ Ans. 5:29 x 10" gm. ] 
5.(a) 1f the mass of the moon is „th times the mass of the earth and the diameter is 
Yuth of that of the earth, what is the acceleration due to gravity on the moon ? (b) How far 
will a 2 gm. mass fall from rest in 2 sec. on the moon ? [ Ans. (a) 0°19 g, (b) 372:4 cm. } 
6. Two spheres each of mass 1 kg. are placed with their centre 20 cm. apart. Find the 
gravitational force of attraction between them, Given g=980 cm./sec., mass of the earthe: 
4x10% gm, and radius of the earth=6 x 10* cm. [ Ans. 2:2 104 dyno} 
7. If the earth were a solid sphere of iron of radius 6:37x10* m. and of density 7-86 
&m./c.c. what would be the value of acceleration due to gravity at its surface, taking the gra- 
` vitational constant to be 6*58 x 10-* C. G. S. unit. [ Ans. 1380 cm./sec.3 } 
8. Taking the acceleration due to gravity at the earth’s surface equal to g=980 cm./sec,? 
and G=6'67 x 10-* c. g. s. unit, calculate the average density of the planet Mars, given that its 
diameter 6780 km. and the acceleration due to its gravity on its surfaces 0-38 g. 
[ Ans. 3:93 gm,/c: c. ] 
9. Show that if the earth were not rotating about its axis, the acceleration due to gravity 
at the equator would exceed its present value by 3°41 cm./sec.? Given that the radius of the 
carth== 6-4 x 10* cm. and the angular velocity of the earthe7:3 x 10-5 rad/sec. 

10. At what altitude will the acceleration due to gravity be 25 percent of that at earth's 

surface ? [4ns. At an altitude equal to earth's radius ] 
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11. At what depth will the acceleration due to gravity be 25 per cent of that at earth’s 
surface? Consider the earth’s density to be constant. 
[ Ans. 0:75 R, where R is the earth’s radius ] 
12. The radii of earth and mercury are 6:371 x 10* m. and 2:42x 10* m. respectively. The 
mass of the mercury is 0:054 that of the earth. Ifa body weighs 10-kg. on the surface of the 
earth, what would it weigh on the mercury ? What is the acceleration due to gravity on the 
mercury ? Take g on earth=980 cm./sec.* [ Ans. 366:7 cm./sec.? ; 3:74 kg: ] 
13. What would be the length of a day if the earth rotated so fast that objects at the 
equator had no weight ; Take the diameter of the earth as 6400 km. [ Ans. 1:41 hr.] 
14, Ifa body falls freely from rest, calculate (a) its acceleration, (b) distance it falls in 
4 sec., (c) its velocity after falling 90 metre, (d) time required for its velocity to become 
98 m./sec. (e) time of fall through 44-1 metre. 
[ Ans. (a) 9:8 m./sec?, (b) 78:4 m. (c 42 m./sec. (d) 10 sec. (e) 3 sec. ] 
15. From what height must a stone fall to acquire a velocity of (a) 140 cm./sec. (b) 49 
m./sec. [ Ans. (a) 10 cm., (b) 122°5 cm. ] 
16. A boy can throw a stone to a height of 10 m. With what velocity must the stone 
leave his hand? Calculate also the velocity of the stone when it returns to the boy’s hand. 
‘ [ Ans. 14 m./sec. ; 14 m./sec. ] 
17. A ball thrown vertically upwards from ground returns to the ground in 8 sec. Cal- 
culate its initial speed. [ Ans. 39:2 m,/sec. ] 
18. A stone is thrown vertically upwards with a speed of 29:4 m./sec. from ground, Find 
(a) time of ascent, (b) the maximum height attained, (c) time of return to the ground and (d) 
the time when its speed equals 24:5 m./sec. 
[ Ans. (a) 3 sec. (b) 44-1 m. (c) 6 sec, (d) 0*5 and 5:5 sec. ] 
19. A stone is projected vertically upwards with a speed of 30 m./sec. from a height of 
40m. Find (a) the maximum height attained (b) the time required to strike the ground and 
(c) the speed with which it strikes the ground. — [ Ans. (a) 85:9 m. (b) 7:24 sec. (c) 41 m./sec.] 
20. The cage of a coal pit is descending at a speed of 15 m./sec, When itis 75 m. from 
the bottom of the shaft a stone is released. Find the velocity of the stone when it reaches the 
bottom of the shaft and also the time it takes. [ Ans. 41:17 m./sec. ; 2:67 sec. ] 
21. A stone is dropped from a balloon at an altitude of 300 m, How much time is required 
for the stone to reach the surface of the earth if the balloon is (a) Stationary (b) ascending at 
5 m.[sec. (c) descending at 5 m./sec. [ Ans. (a) 7:8 sec. (b) 8:4 sec. (c) 7:3 sec. ] 
22. A stone dropped from a balloon strikes the ground in 30 sec, Find the height of the 
balloon (a) if it is at rest and (b) if itis ascending with constant speed of 100 cm./sec., when 
the stone was released. [ Ans. (a) 4410 m. (b) 4380 m. ] 
23. A stone is dropped from the height 19:6 m. What distances it travels during (a) the 
first 0*1 sec. (b) the last 0*1 sec. of its motion ? [ Ans. (a) 4:9 cm. (b) 1-9 m. ] 
24. A stone is dropped from the height 19:6 m, How long the stone takes to travel (a) 
the first metre (b) the last metre ? [ Ans. (a) 045 b) 0°05 sec 
25. Two bodies fall freely from di i aes Enos sec. | 
HITEN O alee teely from different heights and arrive at the earth simultaneously. 
The time of fall of the first body is 2 sec. and of the other 1 sec, At what height was the first 
body when the second body began to fall ? [ Ans. 14:7 m 
26. A body A is thrown vertically upward with the initial velocity u, anda body B fal i 
from a height h with the initial velocity u.=0. Find how the distance x between the bodies A 
and B depends on the time t, if the bodies began moving simultaneously * a ies 
27. A stone dropped from the top of a cliff traverses 53-9 m during the last pe a a f ca 
fall. Find the height of the cliff and also the time the stone took to fall E a 


[ Ans. 1764 m. ; 6 sec. ] 
Of2 sec. apart. How 
by a distance of 40 m. ? 

[ Ans. 3:04 sec. ] 
same time another 
speed of 30 m./sec. 
[ Ans, 3 sec, ; 45:9 m, from the ground ] 


28. Two bodies begin a free fall from the same hei i 
free ight at a 
long after the first body begins its fall will the two bodies be Arai 
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30. A simple pendulum of length 98:45 cm. has time period of 1:99 sec. Find the value 

of g. [ Ans. 980:2 cm.[sec.! ] 

31. Calculate the length of a second's pendulum (to 3 significant digits) at a place where 
g=980 cm.[sec.* What will be the periodic time if the length is increased 2:25 times ? 

( H. S. "64 ) [ Ans. 3 sec. ] 

32. If the length of a second's pendulum be 100 cm., find the length of a pendulum which 


makes 25 oscillations per minute at that place, [ CH. S. '61 (Comp.)] [ Ans. 144 cm. ] 
33. The period of a simple pendulum is 2 sec. Find the change in its period if its length 
is shortened by 10 cm. Assume g —981 cm./sec,? [ Ans. 0:103 sec. ] 


34. A pendulum beats seconds at the basement of a tall building. How much time will 
this pendulum lose in one day if it is moved to the top floor of this building ? The top floor 
is 200 m. above the basement. The radius of the earth is 6400 km. [ Ans. 2:7 sec.] 

35. A second's pendulum loses 5 second a day. In what way and by how much the length 
is to be changed in order that the clock may keep correct time? ( g=981 cm./sec.* ) 

[ Ans. Shortened by 0:0115 cm. ] [ H. S. '72] 

36. Two pendulums begin to swing simultaneously. The first one executes 15 full oscilla- 
tions in the time the second makes 10. Find the ratio of their lengths. [ Ans. 4:9] 


37. What is the ratio between the height H of a mountain and the depth h of a mine if a 
simple pendulum swings with the same period at the top of the mountain and at the bottom 
of the mine ? [ Ans. h=2H | 

38. A pendulum beats seconds at the surface of the earth. But when it is taken at the 
bottom of a mine, it loses 5 sec. ina day. Find the depth of the mine. The radius of the 
earth is 6400 km. [ Ans, 740:9 m, ] 

39. Assuming that the earth’s orbit round the sun be circular, find the linear velocity of 
its motion and the period of revolution about the sun. Given, G—6:67x10-* C. G. S. units, 
mass of the sun=1-99 x 10?* gm. mean distance between the sun and the earth— 1:497 x 101? cm, ~ 

[ Ans, 29:78 km./sec. ; 365 days 96 hr. ] 

40. The distances of Earth and Neptune from sun are 1:495 x108 km. and 44:956 x 108 km. 
respectively. Find in years the orbital period of Neptune. ; [ Ans. 164:9 yr. ] 

41. The periods of revolution of the planets Mercury and Saturn are respectively 0-24 and 
29:46 years. Find their mean distances from the sun in astronomical units ( 1 astronomical 
unit — mean distance from sun to earth ). [ Ans. 0:39 and 9°54 astronomical unit ] 

42. The period of revolution of a satellite of Jupiter is 16:7 days. Its orbital radius is 
1:87x109 km. Calculate the mass of Jupiter. Given, G—6:67 x 10-8 C. G. S. 

[ Ans. | 1:857 x 10" kg. ] 

43. How doesthe period of a satellite change if its mass be doubled keeping its orbit 
same ? [ Ans. No change] 

44. Find the linear velocity of an artificial satellite of the earth which moves in a circular 
orbit : ` 
(a) near the earth’s surface, (b) at an altitude of 7000 km. 

Find also the periods of revolution of the satellite in these orbits. Assume g=980:7 cm./ 
sec,* and radius of the earth=6°37 x 10° m. 

[ Ans. Velocity: (a) 7:903 km./sec. (b) 5:454 km./sec, 
Period: (a) 1 hr. 24 min. (b) 4 hr, 17 min. | 

45. A shell was projected horizontally from a rocket when it is ata height of 600 km. 
above the earth’s surface, Calculate the velocity of projection necessary for the shell to circle 
round the earth as satellite, Given, G-—6:66 x 10-5 C. G. S. unit ; mass of earth-6x 10? gm. 
and radius of earth=6400 km. [ Ans. 7:556 km./sec. ] 

46. Ina balloon expedition, a seconds pedulum carried on the balloon, on reaching the 
topmost position is found to loose 400 seconds a day. Estimate the height of ascent, 
assuming Earth's radius to be 6450 km ( Jt. Entrance '78 ) [ Ans. 30 km.] 

47. The mass and diameter of a planet are twice those of earth, What will be the period 
of oscillation of a pendulum on this planet if it is a seconds pendulum on earth? ( 7. I. T'73] 

[ Ans, 2:83 sec. ] 
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48. Water drips from the nozzle of a tap onto the floor 3:24 m. below. The drops fall at 
regular intervals of time, the first drop striking the floor at the instant the fourth drop begins 
to fall. Find the location of the drops when a drop strikes the floor. 

[ Ans, 3:24, 1:44, 0°36, 0 m. below the nozzle of the tap ] 

49. Two particles are let fall from the top ofa tower atan interval of 2 seconds. Find 
the relative velocity and relative acceleration of the two particles at any instant when both are 
still falling. ( Jt. Entrance '82 ) [ Ans. va=2g directed vertically downwards ; zero] 

50. If the radius of the earth was to shrink by one percent, its mass remaining the same, 
how and by how much the value of g would change ? [ Ans. Increases by about 2% ] 

51. A 5 lb stone is thrown vertically up and at the end of the first second is moving up- 
wards at the rate 64 ft. per. sec. Calculate the maximum height attained by it, the time for 
attaining the maximum height, kinetic energy at the maximum height. Kinetic energy at the 
moment when it reaches the ground and potential energy at the ground? [Assume g= 
32 ft.[sec.?] ( Jt. Entrance '83 ) | Ans. 144 ft. ; 3 sec; zero; 720 ft. 1b ; zero ] 

52. A rocket is fired vertically from the ground with a resultant vertícal acceleration of 
10 m/sec.* The fuel is finished. in 1 minute and it continues to move up. What is the maximum 
height reached 2 (L.I. T. 75 ) [ Ans. 36'367 km. ] 

53. A conical pendulum of length 1 m. and mass of the bob 100 gm. has time period 
see Calculate (a) the angle of inclination of the string with the vertical, (b) the tension -in 


the string, and (c) linear velocity of the bob. — [ Ans. (a) cos- 8, (b) 1:6 N, (c) 3°16 m./sec. ] 
[D] Harder Probleme 


1. A spherical mass of 20 kg. is attracted by another spherical mass of 160 kg. witha 
force equal to the weight of 0-15 mg ; when the centres of masses are 40 cm, apart. Calculate 
the mass of the earth, given radius of the earth—6 x 10* cm. [ Ans. 4:8x 10? gm. ] 

2. At what angular velocity would the earth have to rotate for the weight of a body at 
the equator to be zero, Given, the density of the earth is 5:6 gm./c.c. ; its radius is 6400 km. 
and G «6:67 x 107* C. G. S. unit, [ Ans. 1:25x10-? rad./sec. ] 


i 3. During the last second of its free falla body covers half the total distance covered. 
Find (a) the height ^ from which the body falls, (b) the duration of falling. 


[ Ans, (a) 56:65 m. (b) 3*4 sec. ] 

4. Two bodies are thrown up vertically from the same point on earth 1 sec, apart with the 
same initial velocity of 30 m./sec. When and where do they meet ? 

A ien [ Ans. 3:56 sec. after the projection of the first body ; 44:7 m. above ground. } 

è y A is projected vertically upwards from i i 

velocity of 128 ft./sec. After t sec, a body B is Reet dee ni Mise 

bodies reach the ground at the same instant. Calculate ¢ and the velocity of A and B on 

reaching the ground, [ Ans. 5:26 sec. ; 224 ft./sec. ; 183 83 ft./sec. ] 


6. A stone falling from the top of a vertical tower has descended i 

x ft. when another is let 
fall from a point y ft. below the top. If they fall from rest and reach the ground together, 
show that the height of the tower is (x-+-y) /4x ft. : 


7. A, B, C, D are four points on the same vertical lin 
If a particle falls freely from A, show that the time Bn o pc C av 


1 tab E : 
respectively as 1: (42—1) : (J/3— v2). IE 4. be Cp are 


8. The acceleration due to gravit; Z 
yona planet is 196 cm [sec.* If it is safe to jump from 
a height of two metre on the earth, what will be e es} e height on the 
ly the corr ponding safi gh 


9. (a) Two bodies are thrown up vertically with LEAG ^ 5 codd pasti 


of s sec. apart. (i) What is thi tial velocities at an interval 
expression for the distance bet dne the second body relative to the first? (ii) Find an 
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(b) Solve the problem for the case in which the initial velocity of the second body u, is 
half the initial velocity of the first body, 

[ Ans. (a) (i) Ya=gs, directed upwards both during the upward and downward motions 
of Poth bodies, (ii) distance at any instant z, Xeus—gts--Ms* where u is the common initial 
velocity. : 

(b) () vn— —u,--gs directed upwards and "n70 for downward motion if s=u,/g. 
(ii) X=Ul+U,8—gistigs? ; x—3u;![2g for s=u,/g, ] 

10. A juggler is maintaining four balls in motion, making each in turnrise toa height of 
90 cm. from his hand, With what velocity does he Project them and where will the other 
three balls be at the instant when one is just leaving his hand ? 

[ Ans : 420 cm.[sec. 5 67-5 cm., 90 cm., 67-5 cm, ] 

11. How would the greatest height you could throw a ball on the moon compare with the 
greatest height you would throw it on carth? Given, mass of moon-y* mass of earth and 
diameter of the moonz y diameter of earth, { Ans. 5:26 times that on earth | 

12. A stone is allowed to fall from rest from the top of a cliff and takes t sec, to fall the 


stone is dropped from it after ¢ second ; show that it reaches the ground after tv vf V. SFR) 


2 
Second. 

14. The length of a second's pendulum is increased by 195. How much time will it gain 
or lose per day ? i [ Ans. loses 7 min, 12 sec, ] 


15. Asimple pendulum is placed insidea lift. Compare its period when the lift is 
(a) ascending with uniform Velocity (b) ascending with uniform acceleration of 8 ft. /sec,? 
(c) stationary (d) descending with uniform velocity and (e) descending with uniform accelera- 


2 
tion of 8 ft./sec,2 [ Ans. 1: A fol ia 


16. The radius of the earth is 6400 km., the distance from the earth to the sun is 1:5 x 108 
km, ; the density of the earth is 5:6 gm./cm.? ; the Period of revolution of the earth around 
the sun is 365 days. Using these data determine the gravitational force of attraction between 
the sun and the earth. ‘ [ Ans. 3-656 x 10” dyne ] 

17. Find the relationship between the period of revolution T of an artificial satellite 
moving in a circular orbit at the surface of a planet and the density p of the planet. 


[4ns. Te af z] 


18. A small satellite revolves round a planet of mean density 10 gm, /c.c., the radius of the 
orbit of the satellite being slightly greater than the radius of the planet. If the constant of 
gravitation is 66x 10-8 c, 8. 8. units, calculate approximately the time of revolution of the 
satellite, ( Jt. Entrance, *71 ) [ Ans. 1 hr. 3 min, (approx.)] 

19. In the case (b) of Prob, 44, find (i) the orbital kinetic energy and (ii) the total energy 
expended in putting the satellite into orbit, if its mass be 2000 kg, 

[4ns. (i) 297x101 J ; (ii) 9:507 x 101» J| 

20. An upward force F=190 Newtons is applied upon a body of mass 10 kg. till it is raised 
vertically upwards by a distance of 10 metres, 

Calculate the work done by F and work done against gravity. Here the work done by Fis 
much greater than the gain in P, E, Show-using clear calculations that the law of conservation 
of energy is quantitatively satisfied here. ( Jt, Entrance '78 ) [ Ans. 1900 J : 980 J ] 

21. A train is moving ata constant speed of 45 km. p.h. A passenger throws a stone 
through the window from a height 3 m. above the ground horizontally and normally to the 
ipee of motion of the train with a velocity 5 m,/sec. ‘Neglecting air resistance, determine 
the velocity with which the stone strikes the nd. 

2 [ Ans, 1555 wig an angle tan"! (057) with the horizontal J 
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22, Particles P and Q of mass 20 gm and 40 gm. respectively are simultaneously projected 
from points A and B on the ground, The initial velocities of P and Q make 45° and 135° 
angles with the horizontal AB as shown in the figure. Each 


DE particle has an initial speed of 49 m.[sec. The separation 

45° 135° AB is 245 m. Both particles travel in the same vertical plane 

and undergo a collision, After the collision, P retraces its 

A B path. Determine the position of Q when it hits the ground. 
How much time after the collision does the particle Q take to reach the ground ? Take 
g=9'8 m,/sec.? AL. L. T.°82) E Ans, At the midpoint of AB ; 3:53 sec ] 


23. Two particles are projected at the same instant from two points 4 and B on the same 
horizontal level where AB=42 m, the motion taking piace in a vertical plane through AB. The 
particle from 4 has an initial velocity of 58°5 m./sec. at an angle sin"! 4 with AB and the 
particle from B has an initial velocity of 37°5 m./sec. at an angle sin 4 with BA. Show that 
the particles will collide in mid-air and find when and where the collision occurs. 

[Ans. 0*5 sec. after projection ; at height 10:025 m. above a point onthe line AB, the point 

being at a distance 27 m. from 4] 

24. If gis the acceleration due to gravity on earth’s surface, calculate the gain in potential 
energy of an object of mass m raised from the surface of earth to a height equal to the radius 
R of the earth [ Ans, àmgR] 

25. A pilot jumps out of an aeroplane with a parachute when the plane is just above the 
point 4 on the surface of the earth and moving horizontally with a velocity 600 km./hr.. After 
10 sec. the parachute unfolds when the man descends with a retardation of 2 m./sec?, When he 
is about to touch the ground, his velocity is 8 m./sec. Find the height of the plane from the 
surface of the earth and the distance of the spot where the man drops from the point 4. (g= 
9:8 m/sec. ) ( Jt. Entrance '84 ) [ Ans. 2875 m ; 9166:7 m. ] 

26. A man and his parachute together have à mass of96 kg. If the air has a density of 
L:2 kg/m, what must be the effective area of the parachute, if he isto have a terminal 
velocity of 8 m./sec?? (Given g=9'8 m [sec.? ) [ Ans, 12:25 m? ] 

27. A large mass M and a small mass m hang at the two ends of 
astring that passes over a smooth tube as shown in the figure. The c 
mass m moves around a circular path which lies in a horizontal H ? l 
plane. The length of the string from the mass m to the top of the 
tube is | and 0 is the angle this length makes with the vertical. What 
should be the frequency of rotation of the mass m so that the mass 
M remains stationary ? CRI: T78.) 
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9 | ELASTICITY 
CHAPTER | 


9'1. Elasticity. 


In the chapter on Newton’s Laws of motion, we saw that when a system 
of unbalanced external forces acts on a body at rest, the body begins to 
move. If, however, a system of balanced external forces acts on the body, 
the body does not move as a whole but its different portions generally 
undergo a relative displacement. The original 
size or shape of the body changes, which is 
then said to be deformed. As a simple example, 
let us consider a spiral spring with one of its 
ends fixed rigidly. to a support [Fig. 91]. If 
we now pull the other end with a force F, this 
will be communicated by the spring to the 
support. "Then from Newton’s third law, the 
Support will in turn exert an equal and opposite 
reaction F on the spring. These two forces ` 
balance each other so that the spring does 
not movè as a whole but gets elongated. This 
implies that its different portions have undergone 
a relative displacement. Generally, we regard 
this as the effect of the external deforming EIS D enr tto a 
force ; the resulting balancing force which comes ` a spiral spring 
into play is not overtly mentioned. : 


Property of matter called elasticity, 
Elasticity is defined as the property by which a body is able to resist defor- 


mation, either in shape or in volume or both, and recovers its original configuration 
when the deforming force is removed, : 


A body is said to be perfectly rigid, when no relative displacement between 
its pairs oecurs under the action of a deforming Sorce, however large it might be. 
However, a perfectly rigid body cannot be found in practice ; glass 
Provides a very near approximation. 


P-I/15 
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On the other hand, a body is said to be perfectly elastic when it recovers 
its original configuration after the removal of the deforming force, however large it 
might be. No body is perfectly elastic. 

A body is said to be perfectly inelastic or plastic when it maintains its 
changed configuration even after the removal of the deforming force. This is 
also an ideal case and does not exist in practice. 

A body is said to be partly elastic when after the removal of the deforming 
force, it regains only partly its original configuration. This is the case 
encountered in practice. ; 

In practice, the recovery is found to be practically complete for many 
kinds of materials, provided that the deforming force is not too large. 
Whenever the magnitude of the deforming force crosses a certain maximum limit, 
called elastic limit, the body does not completely regain its original shape or size 
after the force is removed, but acquires a permanent set or permament deforma- 
tion. The elastic limit is the property of the material of the body i.e. it is different 
for different materials. T 

The degree of elasticity of a substance is determined by the magnitude 
of the elastic limit, Thus contrary to common belief, in the scientific sense 
of the term, steel is more elastic than rubber, since even after getting 
deformed by a relatively large force, the former returns to its original 
configuration on withdrawal of the force, whereas the same force can 
produce permanent set in the latter (rubber). 


9:2, Relation between Force and Deformation, 


The English physicist Robert Hooke found from experimental observa- 
tions that the deformation of an elastic body is directly proportional to the 
applied force, provided the elastic limit ts not exceeded. This statement which 
bears the name of Hooke, was later modified by Young. Nowadays, this 
generalised version is usually known as Hooke's Law. wh; à 
discuss in the next article. : ja nen E im 

In the example of spring discussed above, 
the spring when a pull F is applied. By Newton’s third 1 

í aw 
opposite force F,, called elastic force is exerted by the D. ae 
found that AlccF, which proves the validity of Hooke’s law, 
F=kAl, and F,-—kAI (91) 
where the proportionality constant k is called 

) i the forc 
spring re defined as force per unit elongation. De i e s hr 
stiiness ot the spring and is constant for that particular spring only. The 


negative sign in eqn. (9:1) only indic t 1 Wd; 
RU ARN dee icy ates that the elastic force F, is directed 


let Albe the elongation of 


9:3, Elastic potential energy, 


When, a body is deformed, th 
through a certain distance and work is done. This < it ed PA We 
Be okra vidue. Work is stored in the 


€ force acti 
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The change in the elastic potential energy of a body is measured by the. 
work done by the applied force F -during slow elongation or by the 
uegative of the work done by the elastic force F,. 

To calculale its magnitude let us consider the case of the spring cited 
ubove. During the elongation of the spring, the elastic force changes 
linearly from 0 to —kKAl. Its mean value, average w.r.t. distance is 
—$kAl. Hence, for the displacement A/, it does work equal to 
—AkAIx Al=—3kA. So from the definition, the elastic potential 
energy (Ep) is given by, 

Ej —(—3kAP) 
=4k AP 
/ =4Fx Al 
Elastic P.E.=4 Applied force x elongation 

This energy may be imagined to be distributed throughout the material 

of the spring. 


Example 91. Find the force which must be applied to a string in order to 
compress it by 5 cm. Given that, the spring obeys Hooke’s law and a force of 
400 gm. wt. compresses the spring by 1 cm. 

Also find the work done during the compression. 


Solution: By Hooke's law, the compression is proportional to the 
force applied. s 
Now, 1 cm. compression is produced by 400 gm. wt. 
5 cm. compression is produced by 400 x 5—2000 gm. wt. 


Again, the average force applied during compression 0 5 0° 


=1000 gm. wt. 
Work done during compression —average force x the distance 
compressed 
=1000 x 980 x 5 erg. 
—4'9 x 10° erg. 
94, Stress and strain : Generalised Hooke's law. - 
The relation described in the previous article, is only applicable to 


particular bodies ; value of the constant k remains same only fora parti- 
cular body and changes from one body to another, even though they may 
be made of the same material. However, it is possible to generalise it in 
terms of elastic constants for materials. The elastic constants of bodies 
Can then be calculated from the elastic constants of their materials, 
Introduction of the concepts of stress and strain enables us to state Hooke's 
law in such a general form. 

Stress is related to the force producing deformation. Whenever a body 
is subjected to a deforming force, internal force of reaction comes into play within 
it, which tends to resist the applied force and maintains the original configuration 
of the body. This reaction force generated per unit area of the body is called 
Stress, By Newton’s third law, the reaction force is equal and opposite 
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to the applied force. Hence, the stress is measured by the applied force per 
unit area of the body, 

. Obviously stress has units same as those of pressure in all systems i.e., 
dyne/cm, newton/metre*, and poundal/ft®. 


Strain is a measure of the amount of deformation produced. The 
different parts of a body under stress suffer relative displacements and a 
consequent change in its size or shape occurs ; the body is then said to be 
strained. The fractional change in its length, volume or Shape relative to that in 
its original configuration is a measure of the strain, 


The strain, being a ratio of two similar quantities, isa pure number 
without unit. : 

Thomas Young modified Hooke's law in the light of the above concep- 
` tions of stress and strain. In this modified form the law can be stated as: 


Within elastic limit, stress is proportional to strain, the proportionality cons- 
tant being a characteristic of the material of the boby under stress. This is 
called the generalised Hooke’s Law, 


Thus according to this law, within elastic limit. 


Stress 
tra 


Stress oc Strain or, ain Constant os (9:2) 


This proportionality constant is-called the elastic modulus of the matertal 
of a body and may be defined as stress developed per unit strain. 

Strain being a pure number, elastic modulus has the same units as those 
of stress i.e. dyne/cm.*, newton[meter.*. poundal/ft.*, etc, 


9:5. Longitudinal Stress and Strain ; Young’s modulus. 

If a body whose other dimensions are small in comparison to its length 
(e.g. a bar or a wire etc.) be subjected at both ends to a pair of equal and 
opposite forces F, F acting along its length, the body gets deformed in 
length ; the strain in this case is called the longitudinal strain, The corres- 
ponding stress is called the longitudinal stress, 


as the change in length per unit length. Thus, if 
or compression of the bar, then : 


NONU ae! 
longitudinal strain=—~ e (93) 


ight-angles to its length through 
of the portions of the bar to the right, and ee fhe ^ siint 
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the point E, gives us an idea about the forces acting in the interior of the 
rod. We shall focus our attention on a bar under tension (Fig. 9°2), 


Considering the equilibrium of A 1——> 
the portion AE of the bar, since (a) B 
external force F acts at A towards E LAL Mc 


left, this must be balanced by an — (y 4^ f 
equal internal force towards right, = t 
acting across the section through E A 

and pee by the section CE ot i zcL- BE 
the bar[Fig. 9'2 (c)]. Since CE is 

also in equilibrium, the rightward Fig. 9:2: A bar in tension 

force F at C must be similarly balanced by a force F exerted by the portiori 
AE, acting leftwards through the section at E. These forces are 


uniformly distributed over the 
‘section at E as shown in Fig. 


F : 
E (e 
F 


e - Eg f- 
f NN = F 


Fig. 93: A bar in compression 


9'2(c). Similar considerations 
apply to a bar under compres- 
sion; the directions of all the 
forces are just reversed as shown 
in the Fig. 9'3(c). These inter- 
nal forces resist the effort of 
the external applied forces 


to deform the body and on their removal, tend to bring the body back to 
its originallength. A body under the action of such forces in its interior is 
said to be in a state of longitudinal stress. Since the point Æ is arbitrarily 
chosen along the length of rod, the entire bar is under such stress. 
Longitudinal stress of the bar under tension (or compression) is defined as 
the internal forces developed per unit cross-sectional area. Since the magnitude 
of the internal forces equals that of the external deforming forces, we have 


longitudinal stress= E e (94) 


Experiments on bars of same material but of different cross-sections 
show, in accordance with Hooke's law, that within elastic limit, longitudinal 
(i.e. tensile or compressive) stress is proportional to longitudinal strain. The pro- 
portionality constant, called Young's modulus, is independent of the sizes of the 
bars. Young's modulus is different for different material; it is the property 
of the material itself. i 

Young’s modulus of the material of a bar or wire under tension (or compre- 
ssion) is the ratio of the longitudinal stress to the longitudinal strain. It is 
generally denoted by Y. 

Thus, for example, if F be the force which acting on a wire of length / 
and cross-section a produces an elongation A/, then from equations (9:3) 
and (9:4), we have 


y- Longitudinal stress _ 


Fja (9:5) 
Longitudinal strain Alji 
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As fluids have no definite length, Young's modulus is a special 
property of solids. 

The elastic P. E. of the strained wire is given by 

E,=4FAl 
The volume of the wire isal. Therefore, elastic P. E. per unit volume 
will be 
IFAL_1 F Al 
Td. 3a T 
=} stress x strain. 
` So, the elastic potential energy per unit volume of a strained body is equal to 
one-half the stress multiplied by the strain. 

Example 9:2, A wire, 30 m. long and 2 sq. mm. cross-section, is stretched 
with the weight of 5 kg. by 0°49 cm. Find (a) longitudinal stress, (b) longitudinal 
strain and (c) Young's modulus of the material of the wire. 

Solution; Here, A1-0:49 cm. ; 1—30 m.=30 x 10? cm - 

Longitudinal strain= Anat x10" 
Also F—5 kg. wt. =5 x 10° x 980 dyne. 
a=2 sq. mm. =2 x10- sq. cm. 
^. Longitudinal stress = P. 5X10 X980 _ 9.45 10° dynejom. 


L[EM(AL 2°45 x10" _ 
and Young's Modulus=(2)/( 47) = 53 15,15 x 10! áynejem.* 


Example 9.3, The diameter of a brass wire is 1 mm. What force in dyne 
is necessary to stretch it by O'I percent of its original length? Given Y for 
brass 9x 10" dyne|cm.* 


Solution: Here, AM. Soy 71x10" 


If F be the required force, then from eqn. (9:5), y=(£) / (4°) 


F 
or, 9x 104 = ri 
A mae / 1x10 
“^. F=T7-07x 108 dyne. 
Example 9'4. A vertical steel wire of length 3m. and diameter 0°38 mm. 
is fixed at its upper end and stretched by a load of 4 kg. attached to its lower end. 


Calculate the increase in length and the potential energy stored in the stretched 


wire. The value of Young's modulus for steel may be taken as 2:0x 10 
C.g.5. Units, 


Solution: Here, |-3 m.=300 cm. ; F=4 kg. wt.=4 x 10*x 980 dyne. 
cross-sectional area q— x (sy cm.* : 
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Now, from eqn. (9°5), rate nd 


; t 10? x980 
or, 20x10: —*X 7x (a8) E 
or, A1—0:5186 cm. 


Again, during the extension AJ, the average load is 255— 2 kg. 
Work done on the wire—average force x the distance extended 
—2x 109 x 980 x 0:5186 erg. 
—: I:016 x 10* erg. 
Potential energy stored in the wire— 1:016 x 10* erg. 


9:6. Volume stress and strain ; Bulk modulus. 


Under the action of external deforming forces, if only a change in the 
volume ofa body takes place without any change in its shape, the body 
is said to have suffered a 
volume strain. This occurs 
when the body is subjected 
to uniform normal pressure 
at every point on its surface. 
By pressure we mean normal 
compressive force per unit 
area of its surface. The | 
Fig. 9'4 illustrates a cube ; 
and a sphere subjected to Fig. 9:4: Volume stress 
such pressure; under its 
action the cube orthesphere will be in equilibrium but their volumes 
will get reduced. 

Let us consider a body of initial volume v which is under a uniform 
normal pressure P at each point of its surface. Let A v be the correspon- 
ing decrease in volume. We then define volume strain as the change in 
volume per unit volume and volume stress as the normal force per unit area ie. 
pressure on the body. Hence, volume stress—P 


and volume strain A" a er (9'6) 


Again, it may be found experimentally that within the elastic limit, 
volume stress is proportional to volume strain, the proportionality constant, 
called bulk modulus, being a characteristic of the material of the body. 

Thus bulk modulus fs defined as the ratio of volume stress to volume strain 
and is usually denoted by K. 

. P. 
m 

The compressibility of a material is the reciprocal of its bulk modulus. 

Matter, in all three states, possesses certain volume. Hence bulk 
modulus, which involves a volume change, is a general property of matter. 


(9*7) 
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It is very high for solids and liquids, because large forces are necessary to 
produce even a small change in volume. Gases are more easy to com- 
press ; hence they have much smaller bulk modulii, 


Example 9.5, A litre of mercury contracts (2 cc., when subjected to a 
pressure of 50 kg. per sq. cm. Calculate its bulk modulus. 


Solution : Hence, volume stress=50 x 10* x 980 dyne/cm*, 


1:019 
Volume Strain= 108 


Volume Stress _ 50 x 10°x 980 x 108 
Bulk modules ADR 0: 
=2'45 x 10" dyne/cm.? 


9'7. Shearing stress and strain ; Modulus of rigidity, 


When under the action of external deforming forces, a body suffers 
change only in shape without any change in volume, it is said to have 
suffered a shearing strain or simply a shear. The corresponding stress which 
develops within the body is called the shearing stress,- For example, if a 
thick book is held firmly on a table and a tangential force is applied on the 
top cover by pushing it horizontally with a hand, the shape of the book 

will be found to have : 
"d changed [ Fig. 9*5]. 
The force causes the 
consecutive pages to 
be slightly displaced, 
or sheared, relative 
Fig. 9:5: Shear of a book to one another. If we 


; draw a small rect- 
angle on the end side face of the book in front of the observer, it becomes 
a parallelogram after shear. 


SS 


Let us now consider, in general, a rectangular block ABCD with its lower 
face DG being fixed ona horizontal surface’ [Fig. 96). Let a force F act 
tangentially over the face AK. This will 
produce a reaction force F also acting 
tangentially over the face DG, As a 
result, the shape of the block changes, : 
s BSS saad E face ABCD assumes the /od 
Shape of a parallelogram A'g'Cp. ie 
rectangular block assumes the M d rue 
a parallelopiped, The body is then said P 
to undergo a shear. The sharin strain - Fi : i 
is defined as the angle 4 Cexpressed A ay i dá B. 9-6 : Shearing stress 
to the applied force gets displaced due to shear. The le 4i 

2 ante 7 shear. Usually this angle is very smali The, m mir called a 
=l, we have from the Fig. 9'6, E en if A4 Ax, and 
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shearing strain=¢=tan¢ (as ¢ is small) = 4% 


. Relative displacement of two planes viz., DG and AK of the body 
Distance between the two planes 

=Relative displacement for planes at unit distance apart. 

Shearing stress is the tangential force per unit area. Thus, if the area of 
either of the face AK or DG be a, then i 

the shearing stress =F/a. ' 

Modulus of rigidity or shear modulus of a material is defined as the’ratio 
of the shearing stress to the shearing strain and is usually denoted by n. 

r _ Fla _ Fla ; 
"77$ AW si 

As solids only possess definite shape, modulus of rigidity is a special - 
property of solids. : 

Example 9°6. 4 metallic cube of side 10 cm. is subjected to a shearing » 
force of 900 kg. wt. The top face of the cube ts displaced through 0'03 cm. with 
respect to the bottom. Calculate (a) the shearing stress. (b) the shearing 
strain and (c) the modulus of rigidity of the metal. 


Solution ; : 
: ..tangentialforce . 900 x 10*x 980 2 
Shearing stress “area Of a ae n PNIS  dyneJcm. 
—8:82 x 10* dyne/cm.? 
; .. displacement _ 0°03 
Sh a uspiacemeni iD Se -8 
earing strain E i0 3x10 


" 89 x 10* x 
‘Modulus of rigidity cipes stress 92 Eos 72:94 x 10° dyne/cm.* 


9:8, Torsional deformation, 

The shape of a solid may be changed in a number of ways; we shall 
briefly consider the case in which a cylinder is twisted about its axis. This 
occurs when one end of the cylinder 
is fixed rigidly and a torque isapplied 
at the other end. This produces a 
uniform shear. This can be clearly 
seen if we consider a long rectangular 
element. (shown by the dotted lines) 
on the cyli ndrical surface before 
deformation. When the cylinder is 
twisted, the 'rectangle', becomes a 

` parallelogram’ [Fig. 9'7]. Therefore, md 
the material experinces a pure shear. Fig. 9:7: Torsional deformation 
The angular displacement 6 (in l i 
radian) suffered by each point on the free end of the cylinder is called 
the, angle of twist and may be taken as the measure of the deformation 
produced, If L be the applied torque, then Hooke's law gives, . 
05, ehem re (99) 


Fixed'end 
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where the proportionality constant c is called the torsion constant of the 
cylinder. It can be proved that the torsion constant is related to tie 
: 3 nr 
modulus of rigidity of the material-of the cylinder by the relation E 
where r is the radius and / is the length of the cylinder, 


Example 977. 4 wire fixed at one end is twisted through 45° by applying a 
couple of moment 1500 dyne-cm. What should be the moment of the couple 
required to produce a twist of 075 radian ? 


Solution: Since 180°=7 rad, ~ 45°=7 rad. 
From equation (9'9), 1500—c7 e za (i) 
If L be the required moment of the couple L-—cx0:75 .. (ii) 


Dividing (ii) by (i) we get, po- x4 


or, L=1432 dyne-cm. 


9:9. Poisson's ratio, 


When a wire or a rod is subjected to longitudinal stress, its elongation is 
always accompanied by lateral contraction. Similarly, when a compressive 


force is applied, a lateral expan- 
Sion takes place along with longi- 
tudinal compression. We define 
the lateral strain gs the lateral 
: ~ change in length per unit length. 
‘Alsi The ratio of the lateral strain and 
Fig. 9-8 : Lateral contraction accompanies the longitudinal strain is called 
longitudinal elongation Poisson's ratio, The Fig. 9:8 
illustrates the lateral contraction 

If d be the initial 


condition, then, 


IA 
lateral swima ons F” (9°10) 


As before, the longitudinal strain A, Al being the elongation of the 
rod of initial length], The p oisson's ratio, usually denoted by cis given 
M (9:11) 


. > oy / 4 
Poisson's ratio is a pure number and is the characteristic of the material 


of the wire or of the rod. For most metals it . 
Obviously, it is a specia] Property of solids, ea a value Eros 


Example 9:8, 4 metal wire of length 150 cm, is 


oor oisson’s ratio of the wire 
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Solution: Length of the wire 1— 150 cm., elongation A/=0'2 cm., and 
diameter of the wire d—0'1 cm. 
From eqn. (9°11), change in the diameter 
Ados Alxd 024 x02 x01 —93:9x 10-5 cm. 
1 150 
9:10, Relations among elastic modulii, 

Out of the four constants described, only Young's modulus and 
modulus of rigidity are comparatively easier to determine experimentally. 
These four constant are, however, connected by the four equations given 
below : = 


3K—2n Y 
= EKF 2n ax! 2 
_ 9Kn Y 

3K--n ; 2n ps 


Obviously, if two of these four elastic constants are determined experi- 
mentally, the other two can be calculated from these relations. 

Now, Y, K and n are always positive; so from the above equations, 
it can be proved that the maximum value of the Poisson’s ratio c is +$ 
and its minimum value is —1 ie., 05 > ¢ z —1 for all solids. 

The derivation of these relations needs advanced treatment ot 
mechanics and is beyond the scope of this book. 


9:11. Stress-strain relation ; Elastic limit, ; 

When a wire of elastic material is subjected to an increasing tensile 
stress, the strain changes as shown in the Fig. 9'9. The figure shows 
that up to the point A the relation between 
stress and strain is linear ie., the material 
obeys Hooke's law. The wire returns to its 
original length when the stress is removed. 
In other words, OA is the region of perfect 
elasticity. The point A represents the elastic 
limit of the material. 


If the stress on the wire is increased beyond 
the value corresponding to the elastic limit, 
Hooke’s law is unable to account for the Fig. 99: Stress-strain curve 
elasticsbehaviour ; the wire acquires permanent set i.e., if the stress is now 
removed, the strain does not vanish completely. If the process is carried on for 
some time more, a stage is reached when the wire is found to undergo a 
relatively large strain with practically no increase of stress. The stress at 
which this large increase in strain occurs is called the yield point (point B 
in the figure). 

Still further increase in stress ultimately results in the breaking of the 
wire. The corresponding point C on the stress-strain curve is called the 
breaking point. The maximum stress that can be applied to a material before it 


B 


STRESS ——» 


eee ee es 
o STRAIN ——*. 
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ruptures is called its breaking stress, For a wire fixed at one end, the 
breaking-load is obtained by multiplying breaking stress of its material with its 
area of cross-section. 

912, Elastic fatigue. 


deforming force is removed is called elastic lag or hysteresis. 1f sufficient 
time is not allowed between two successive stresses, the body retains some 
permanent set at each stress. As this Process continues, certain regions of 
the body are weakened, Particularly in the Vicinity of microscopic cracks 
that may be present within the body at the time of casting. Ultimately, the 
body ruptures in these areas. This loss of strength due to repeated stress is 
called elastic fatigue or simply Fatigue. Hence it is very important to detect 
flaws in such parts of machine. Generally X-rays are used for such 
purpose. 


: r slotted weights W can 
be put in order to alter the load on 4, 


| any change. in room temp 


unaffected. 
C At first, -the wire 4 is made fi i 
E laci j ree from kinks by 
$ EE a suitable load on the carrier C. This is 
wW 


the dead load and is not included in the 
mgth Z-of 4 from the point 


Fig, 9-10 18 attached jg determined. 


, Measured with a 
the mean Value is taken, — - 
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The breaking load and the limiting load of the wire are then calculated 

from the following formulae : ` 
Breaking Load — Breaking stress x area of cross-section 

= Breaking stress x2 
Limiting- load=4 x Breaking load. 

During experiment, the total load applied to the experimental wire is 
kept with this calculated limiting load. ‘This is necessary to ensure that 
the elastic limit of wire is not exceeded. 

The load on the carrier is then increased by equal steps until the total 
load almost reaches the limiting value and at each step the readings of the 
main scale and vernier are noted. The observations are repeated by 
decreasing the load by similar steps till the." 
dead load is reached. The two sets of 
readings should agree to within the limits of 
accuracy of observation. The mean of the 
two readings for each load is calculated. 

A graph is.drawn with, load m along 
x-axis and the corresponding reading » 
along y-axis |Fig. 9'11]. It will be found 
to be a straight line. Taking any two 
points P(m, y. and Q (ms p) on LOAD in kg.——* 
the graph except the experimentally sit 
obtained points, the corresponding loads E. OE 

(m, and m,) and the readings (y, and X^) are ascertameue m 

Elongation=l/=p2—)1 i 

and the corresponding load, 


READING In mm. —e- 


m=Mg >M 
strain=//L 
stress melt dyne/cm.” 
Hence Young's modulus Y for the material of the wire is given by 
- Amd? R 
mg|—- 
4 AmgL SP 
1— Lae dynele 


@ EXERCISE e 


(A) Essay-type questions 


1.. Define— longitudinal stress, 
ratio, Explain with suitable diagram how longitudinal 
longitudinally. 

Derive the unit in which the Young's 

2. Define the terms ‘stress’ and ‘strain’. 
system 7? What is elastic limit ? What do you 

*perfectly inelastic" bodies? Explain with examples that 


* dongitudinal strain’, ‘Young’s modulus’ and ‘Poisson’s . 


stress develops when a bar is strained 


modulus should be expressed in C. G. S. system. 
What are their units in C. G. S. and M. K.S. 
mean by ‘perfectly elastic’, ‘partly elastic’ and 
provide very near approximations, 
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In what way do the numerical magnitude of (a) stress, (b) strain and (c) modulus ‘of elasti- 
city depend on the units of force and length 7 


4. Define—Volume strain’, ‘Volume stress’ and ‘Bulk modulus’, What are their units in 
C. G. S. system ? ` Explain with diagram the nature of the load-extension curve for a solid. 

5. Define ‘shearing stress’, ‘shearing strain’, and ‘modulus of rigidity.’ With the help of 
stress-strain curve, explain the following terms : (a) perfect elasticity, (b) yield point, (c) elastic 
limit, (d) breaking point, (e) breaking stress, and (f) breaking load. 

6. Write short notes on; 

Angle of twist, Poisson's ratio, Elastic fatigue, Compressibility. 

7. What is meant by ‘elastic potential energy’? Prove that the elastic potential energy 

per unit volume of a strained body — 1 x stress x strain. 


[B] Short answer type questions 

1, Is rubber more elastic than steel ? Explain with reasons. 

2. Which one is more fundamental—stress or strain ? 

3. Do the numerical values of Young's modulus of a substance differ if itis calculated in 
C. G. S., F, P. S. and M. Ki, S. systems ? Explain your answer, 

4. What is meant by the statement that Young's modulus of steel is 19 x 101: dyne/cm.? ? 

3. Which one is more elastic—steel or diamond ? Explain with reason, | 

6. What is the force constant of a spring? What property ‘of the spring is expressed 
by it? : 

7. When an elastic wire is stretched on ‘application of tension, potential energy is stored 
in it. (a) What will happen to this potential energy when the wire regains its original length 
after the tension is removed ? (b) Will the temperature of the wire increase or decrease if 
it snaps under tension ? 

8. Two springs have -their force constants as k; and ky (Kk) On which spring is 
more work done (i) when their lengths are increased by the same amount, .(ii) when they are 
stretched by the same force ? [ 1I. T, 76] 

9. A certain force is required to break a piece of cord, What force is required to break a 
cord made of the same material which is (a) twice as long, (b) twice as largein diameter and 
is of the same length ? : 

10, Explain the following statements with Proper reasoning :— 
(i) Fluids do not possess Young's modulus. 
. (ii) Modulus of rigidity is a special property of solids. 
(ii) Poisson's ratio is a pure number and its value lies between 0-5 and =k 
(iv) A perfectly rigid body cannot be found in nature, 


[C] Simple Problems 


1. A boy stretches the rubber cord of his catapult so that is becomes 10 cm, longer, Find 
the average force he applied to the rubber cord if stretching of the cord by 1 J 
force of 100 gm. wt, Y 1 cm. requires a 
With what velocity will a stone of mass 10 gm. be projected under such condition ? 
2 he ja Seed [ Ans. 0-5 kg. wt. 9-898 m./sec. ] 
2. rass wire 1 m, long an mm: diameter is stretched with the wei t of 2 i 
the elongation of the wire, Given, Y for brass—1 x10" dynejom,2 pas UP e 
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3. Find the load in kilogram, required to stretch a vertical steel wire 628 cm. long and 
2 mri. in diameter by one more millimetre in length, Y for steel=2x10" C, G, S. unit and 
£-980 C, G. S. unit. (H.S.'60) [ Ans. 10:2 kg.] 
4. A copper wire 2 metre long and 0:5 mm. in diameter supports a mass of 10 kg. It is 
stretched by 2:38 mm. Calculate the Young’s modulus of the wire. 
[ Ans. 4:197 x 101? dyne/ém.* ] 
5. What will be the elongation of a wire 10 metre long when the strain is 0'001% ? If 
the wire has a cross-section of 2 sq. mm. and is stretched by a load of 1 kg., what is the stress 
in dyne/cm.* ? ( H. S. °66 ) | Ans. 0:1 mm, ; 49x 10* dyne/cm *] 
6. Find the force necessary to stretch by 2 mm. a steel wire 1m. long and 1 mm. dia- 
meter. Also calculate.the energy stored in the stretched wire, Given Y for steel-2x 101 
dyne/cm.? , [ Ans. 3:14x 107 dyne ; 3:14 x 10* erg J 
7. Ascale panis suspended from the. ceiling by 3 steel wires each of length 3 m, The 
diameter of each wire is 0'8 mm, By how much the pan will be depressed if a load of 7:5 kg. 
is placed on the pan ? Given, Y for steel=2 x 1012 dyne/cm?, [ Ans. 0:073 cm. ] 
8. A steel wire 1 m. long and a brass wire 70 cm. long each 0*01 cm.* in cross-section are 
fastened together end to end and are then subjected to a tension of 10 kg. wt, Calculate the 
elongation of each wire. Given Y for steel—2 x 1012 dyne/em.* and that for brass=1 10 
dyne/cm,* [ Ans. 49x10- cm. ; 6:86x 107? cm. ] 
9. Could a steel wire 2 m. long be stretched 10:0 mm, without exceeding its elastic limit, 
which is about 8:26x 10? dyne/cm.* ? Given Y for steel=2 x 1012 dyne/cm,* 
[ Ans. No, elastic limit would be reached for A/=8:26 mm. ] 
10. Elastic limit is exceeded when the strain of a wire becomes just greater than 1/2000. 
Its cross-section is 0:02 cm.? and Y for its material is 14 x 101 dyne/cm.?. Find the value of 
maximum load that can be hanged from the wire without causing permanent set. 
[ Ans. 14:3 kg.] 
11. A vessel keeps 300 c. c. of air at a pressure of 760 mm. of mercury. If the pressure 
be altered by 2 mm, of mercury, the volume is observed to decrease by 0:3 c.c. without. change 
oftemperature, Calculate the coefficient of the volume elasticity of the gas. 
`[ Ans. 2665x109 dyne/cm.* ] 
12. Calculate the contraction in volume of a solid copper cube, having side 10 cm, when 
subjected to a pressure of 70 kg. wt,/cm.* normally on all its sides, Given, Bulk modulus for 
Copper 1:4 x 10!* dyne/cm.? [ Ans. 49x10 c.c ] 
13. A nickel sphere is immersed in a liquid and the normal pressure on its surface is 
increased by 8x 101 dyne/cm,* The volume is thus reduced by 5 percent, What is the Bulk 
modulus of nickel ? [ Ans. 1:6x10'? dyne/cm.* ] 
14, The compressibility of water is 44 x 107? per atmosphere pressure. Find the decrease 
in volume of 200 c. c, of water when subjected to 125 atmosphere pressure. [Ans. 1:1 c. c. ] 
15. A metallic cube of side 5 cm. has its upper surface displaced through 0:03 mm. by a 
tangential force of 10,000 kg. wt, Calculate (a) the shearing stress (b) the shearing strain and 
(c) the modulus of rigidity of the metal, 
[ Ans. (a) 3:92x10* dyne/cm, (b) 6 x 107* (c) 6:53 x 10: dyne/cm.4] 
16. Two parallel and opposite forces each of 1000 kg. wt. are applied tangentially ‘to 
Opposite faces of a cube having side 25cm, Calculate the angle of shear and the relative 
displacement, Given that the shear modulus of steel is 2:95 x 10? dyne./cm.* 
[ Ans. 5:315 x 10-4 radian, 1:329 x 107? cm, ] 
17. A metal wire of length 200 cm, is stretched and an elongation of 1 mm. is produced. 
If the diameter of the wire is 2 mm. find its change in diameter when elongated, Given, 
Poisson's ratio of the material of the wire is 0:25, [ Ans. 2:5x107* cm. ] 
18. The diameter of a brass rod is 6 mm. It is subjected to a tension of 5x 10* dyne, If 
its diameter changes by 3:6x10-* cm., calculate (a) the longitudinal strain and (b) the 


Poisson's ratio of brass. Given Y for brass=9 x 10" dyne/cm.®. 
[ Ans. (a) 1:966 x 107* (b) 0:305] 


228 ELEMENTS OF HIGHER SECONDARY PHYSICS 


19. A light rod of length 200 cm, is suspended from the ceiling horizontally by means of 
two vertical wires of equal length tied to its ends. One of the wire is made of steel and .is of 
cross-section 0*1 sq. cm. and the other is of brass of cross-section 0*2 sq. cm. Find the position 
along the rod at which a weight may be hung to produce (i) equal stresses in both wires 
(ii) equal strains in both wires. ( Y for brass=10x10" dynes/sq.cm., Y for steel=20x 10" 
dynes/sq. cm.) $ (ILI. T.74) 

[ Ans. (i) At à distance 66:67 cm, from brass wire, (ii) Af middle of the rod. ] 

20. Two weightless springs X and Y of equal length L, have force constants k, and ks 
respectively. Those are connected as shown in the following figures? Find the force cons- 
tant k of spring system in each case. $ 


Fig. (a) Fig. (b) Fig. (c) 


[Ams (a) kokta; Kb) km i) kel ] 


. 21. When the load on a wire is increased slowly from 4 to 6 kg. wt. the elongation 
increases from 0°65 to 1°13 mm. How much work is done during the extension of the wire ? 
[ Ans. 0:0205 5] 
22. A wire of length 1 m. when stretched by a load of 10 kg. increases in length by 0-1 
cm, The cross-section of the wire is 0-1 cm.” Calculate the Young's modulus of the material. 
If the Poisson’s ratio be }, calculate also the change in volume of the wire. 
f ( Jt, Entrance ’82) [ Ans. 9:8 x10! dyne/cm.? ; 0:0033 c.c. ] 
23. A vertical steel column 10 metres high supports a load of 80 metric tons, Taking 
Young's modulus for steel to be 2x10* kg. wt./cm.*, area of cross-section to be 100 sq. cm. 
and Poisson’s ratio to be 02, find the decrease in length and the decrease in volume of the 
column when the load is applied. » (Jt. Entrance ’79 ) [ Ans, 0°4 cm. ; 56 c.c ] 
24. A mass'of 3 kg, is attached to one end of a wire of length 130 cm. The other end of 
the wire is fixed. The mass is kept moving with uniform speed in a horizontal circle of 
radius 50 cm. Find the increase in length of the wire if its radius is 0 


; rta '40 mm, and Young's 
modulus of its material is 1*8x 10?! dyne/cm,* [ Ans. 0°46 cm, ] 


[D] Harder Problems 


1, Arailway engine of mass 20 ton struck a wall 


and each of i 
so be corosada by 10s. Then malay ote, ach of its two buffers was found 


uffer is compressed by 1 cm under the 


eee a force of 1 ton. wt. find the velocity with which the engine struck the wail, (1 ton= 
2. A wire AB, of diameter 0*6 mm, EMT 


: and length 300 cm. is attached to a fixed su t at 
A and hangs vertically, The wire carries a load of 4 kg. wt. fixed to its rhid-point "ang dec 
a further load of 4 kg. wt. at its lower end B, Taking the value of Young's modulus for. the 
material to be 2x 10" dyne/cm.*, find the depression of the end B. 


1 i (Oxford Univ.) [. Ans. 0:312 cm. 
: 3. A copper write 8 m. long hangs vertically. Find the elongation due to its own ipie 
Given, Y for copper 1:3 x 103 dyne/cm.1 and density of copper 8:9 gm./c.c, 
; : [4ns. 2:147 x 107* cm. 
4. A steel ball of diameter 20 cm, and mass 1 kg. is suspended from a point 311 d 
above the floor by a steel wire of unstretched length 290 cm. The diameter of the wire is 
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0.4 mm. Ifthe ball is set swinging so that its centre passes through the lowest point at 
6m./sec. by how much does it clear the floor? Given, Y for steel=2 x10 dyne/cm.: 
{ Ans. 0°7483 cm. ] 
5. A vertical steel wire and a parallel brass wire, each 4m. long and 0:0040 cm.* cross- 
section, hang from a ceiling and are 30 cm, apart. The lower ends of the wires are attached 
to a light horizontal bar. Find the mass of the load which must be hung from the bar to cause 
each wire to extend 0-10 ém. At what distance from the brass wire must the mass be suspend- 
ed? Given Y for steel=2x 10" dyne[cm.? and Y for brass=1 x10" dyne/cm.* (London Univ.) 
[ Ans. 3061 gm; 20 cm. ] 
6. A certain type of wire is found to cross its elastic limit when the strain exceeds sgyg. 
It has a diameter of 0°04 inch and Young's modulus for its substance is 10x 10* pound per sq. 
inch. What is the greatest weight that can be hung from a length of it without causing per- 
manent stretching ? ( Jt. Entrance '71 ) { Ans. 12:57 1b. ] 
7. A light bar of length 50 cm. is suspended horizontally by means of two wires of equal 
lengths connected to its two ends, One wire is of steel having cross-section 0°05 cm,*, the other 
being of brass having cross-section 0*025 cm*., Find the point on the bar where a weight must 
be suspended in order that both the wires experience (a) the same strain (b) the same stress. 
Given Y for steel--20 x 101! dyne/cm.*, Y for brasse- 10 x 10" dyne/cm 1 
[4ns. (a) 10 cm. (b) 16:67 cm$from the end suspended by steel wire ] 
8. A body of mass 2 kg. and density 2:7 gm /c. c. is hung from a steel wire of length 1 m. 
and diameter 1 mm, If the body is now, completely immersed in water, find the change in 
length of the wire, Assume Y for steel-2x 10!* dyne/cm.* and g=1000 cm /sec.*. 
[ das. 472x107? cm. ] 
9. A steel wire of diameter 2 mm. is clamped horizontally between two rigid clamps A 
and B which are 200 cm. apart. Find the load which, when attached to the mid-point of the 
wire, will pull this down to a distance of 5 cm, below AB. Given, Y for stecl—2 x 10" c, g: s, 
units. [ Ans. 7:68 kg. ] 
10. To the mid-point C of an unstretched elastic string of length 2a, secured at its ends 
by two pegs A and B ( also 2a apart ), is attached another elastic string of length a. The other 
end D of this string is pulled at right angles to 48 until C is displaced through a distance equal 
to a/10. Calculate the shift of D assuming the strings to have the same modulii of elasticity 
and same cross-section. [4ns. 0-101 a] 
11, Show that if Ap, the change in density, be very small compared to the original density 


p, then the relation Pes X, ^" can be replaced by the relation Pak OP where K is the 


v 
Bulk modulus, 

Hence find the pressure that would be required to change (a) the density of steel by 0-1 
percent, (b) the density of glycerine by 0*1 percent. Given K for steel=1+7 x 10% dyne/cm.s, 
for glycerine--4 x 10» dyne/cm.*. { Ans. (a) L7 x10? dyne/cm.* ; (b) 4x 10" dyne/cin.s } 

12. When à rubber cord is stretched, the change in volume due to change in its linear 
dimensions is negligible. Show that the Poissons' ratio of rubber is 0*5, 

13. A steel wire of length 2 m. and diameter 0°6 mm. is stretched horizontally between 
rigid supports attached at its ends, When a load is hung from the midpoint of the wire, it is 
found that a depression of 1 cm. is produced. If the Young's modulus of steel be 25 10m 
C. g. S. units, calculate the load. [ Ans. 577 gm. wt, } 

14, Two blocks A and B arc connected to each other by string 
anda spring ; the string passes over a frictionless pulley as shown in 
the figure. Block B slides over the horizontal top surface of a 
stationary block C and the block A slides along the vertical side of 
C, both with the same uniform speed. The coefficient of friction 
between the surfaces of blocks is 0:2, Force constant of the spring 
is 1960 newtons/m. If the mass of block A is 2kg, calculate the 
mass of block B and the energy, stored in the spring. 

(T. T. T. 82) [ Ans, 10 kg ; 0-098 7j 
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15. A 1kg. block moving on a horizontal surface along the axis of a spiral spring collides 
with one end of the spring, the other end of which is fixed to a wall. The block thus compresses 
the spring 40 m. from the rest position. Assuming the force constant of the spring to be 
20 N/m, and the co-efficient of kinetic friction between the block and the horizontal surface 
be 0:25, find the speed of the block at the instant of collision. [ Aas. 72 m./sec. } 

16, A 0-5 kg. block slides from a point A (see Fig.) on a horizontal track with an initial 
speed of [3 ,m./s. towards a weightless thorizontal spring of length 1 m. and force constant 2 

— newton/m. The part AB of the track is frictionless and 

the part BC has the coefficients of static and kinetic friction 
A B D c 8 0:22 and 0'2 respectively. If the distances AB and BD 
are 2 m. and 2'14 m. respectively, find the total distance 
through which the block moves before it completely. ( Take g=10 m /s.1 ) 
(I.I. T. '83) [ Ans. 424 m.] 


17. Two bodies 4 and B of masses m and 2m respectivelv are put on a smooth floor. 
They are connected by a spring. A third body C of mass m moves with a velocity v, along the 
line joining A and 8 and collides elastically with A as shown 
in the Fig. Ata certain instant of time t, after collision, it Li Limwl l 
is found that the instantaneous velocities of A and B are the ( yy T 
same Further, at this instant the compression of the 
spring is found to be x,. Determine (i) the common velocity of A and B at time f, ; and 


(ii) the spring constant. d. I. T. 84) [ Ans. (i) > ; (ii) 3 ze] 
18, One end of a wire 1*5 m. long (without load) is fixed at a point A and the other end 


is attached to a load of 2 kg. wt. The length of the wire is now found to be 1:53 m. The load 
is then held at 4 and released. 


Find the maximum distance below A it will descend. [ Ans. 1:83 m.] 


] 0 HYDROSTATICS 
GHAPTER 


10:1. Introduction, 


The branch of physics which is concerned with the study of fluids at rest is 
known as hydrostatics, 

A fluid is a substance which flows or is capable of flowing. Fluids are 
of two types—liquids and gases. A liquid has a definite volume -but no 
definite shape ; it always adapts its shape tp that of the container. On the 
other hand, a gas possesses neither a definite volume nor a definite shape ; 
a gas always completely fills up the container whatever its size may be. 
There is another marked difference in the properties of a liquid and. a 
gas. A liquid is practically incompressible while a gas can be easily 
compressed. 

Since maintenance of a definite shape is due to rigidity, absence of any 
definite shape of a fluid implies that a fluid has no rigidity i.e., a fluid can- 
not exert or sustain shearing stresses. Under the action of such stresses, it 
always gives in and begins to flow. Thus for fluids at rest, shearing stresses 
are always absent. 


102, Density, 


We often feel that a small piece of one material may be heavier than a 
much larger piece of another material. The explanation is provided by 
the concept of density. The heaviness or lightness of a substance is attri- 
buted to its larger or smaller density. 

The density of a substance is defined as its mass per unit volume. Hence, 
Mas | M : 
Volume Y sa 

In C.G.S. system, unit of density is gm. per c.c.; in M.K.S. system 
kg. per cubic metre, while in F.P.S. system, the unit is pound per 
cubic foot. 

Solids and liquids are compressed only very slightly even under very 
large stresses ; on the other hand gases are readily compressed. More- 
Over, with rise in temperature all substances expand i.e., their densities 
decrease. This change is also very marked for gases. For these reasons, 
it is necessary to state the conditions of temperature and pressure while 
referring to the density of a substance, particularly a gas. However, for 
solids and liquids, it is not necessary to mention the pressure because its 
effect on their densities is negligible as had been mentioned earlier. 


Density p= 
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10:3. Specific Gravity. 


If we want to find out how the density of one material compares with 
that of another, we can always do it by simple division. For example, the 
density of gold (19:3 gm./c.c.) is 1:84 times the density of silver (10°5 gm./ 
c.c.) and the density of silver is 3'9 times that of aluminium (2:7 gm./c.c.). 
To show all possible comparisons between a very large number of materials 
would require an impossibly large table, and itis, therefore, easier to 
choose one substance as a standard of density, and to compare the densities 
ofallothersubstances with it. This leads us to the concept of specific 


‘gravity. The standard chosen for solids and liquids is water at the 


temperature of its maximum density, 4°C. (39°2°F.) 

The specific gravity of a solid or liquid is defined (1) as the ratio, of the 
density of the substance to the density of water at 4°C. ; or put in another way, 
it is defined (2) as the ratio of the weight of a given volume of that substance to 
the weighi of an equal volume of water at 4°C. i 

We shall now show that these two definitions are completely equivalent. 
To do so, let us start with the first definition in which specific gravity is 
defined as the relative density. Thus; 


Specific gravity of a substance 
. density of the substance 
- density of water at 4^C. 
. mass of unit volume ef the substance 
mass of unit volume of water at 47°C. 
. mass of any volume of the substance 


mass of same volume of water at 4°C. 


Since,the mass of the body at a given placeis proportional to its weight, 
we have ` 


Specific gravity. eight of any volume of the substance 
weight of an equal volume of water at 4G, 

As each of the two densities has the same unit, their quotient is dimen- 
sionless and has, therefore, no unit ; thus specific gravity isa pure number. 
The value of the specific gravity, therefore, remains the same in all systems 
of unit ; thus the concept of specific gravity provides us a very important 
advantage over the density. 


In the case of gases, the standard chosen for defining Specific gravity is 
hydrogen at N. T. P. (Normal Temperature and Pressure), 


10:4. Difference between density and specific gravity. 
Density of a substance has a definite unit. 
being a ratio of two densities, is a pure number. 
If p be the density ofa substance and pw 
then the sp. gr. S of the substance is given by, 


S--P. or P=Pu X S 


But the specific gravity 


the density of water at 4°C., 


5 (1072) 
In C.G.S. system, p,—1 gm.|c.c., so, p=S gm.|c.c. 
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Hence, the density of a substance in C.G.S. system of units ts numerically 
equal to its specific gravity. 

In M. K. S. system, pw=1000 kg./m*. ~. p=1000 S kg./m*. . 

The density of a susbtance in M. K. S. system of unit is numerically 
equal to 1000 times the specific gravity. 

In F. P. S. system, p, 62:5 Ib/cu. ft, at 4°C., and thus, 

p—62:5 x S Ib./cu. ft. 

Hence, the density of a substance in F. P. S. system of unit is numerically 
equal to 62:5 times the specific gravity. 

For-example, in C.G.S. units, the density of lead — 11-5 gm./c.c. and also 
the sp. gr. of lead=11'3/1=11'3. Moreover, in F. P. S. system, the sp. gr. 
oflead has the same value i.e, 11°3, but its density—11:3x62:5—706 
Ib./cu. ft. (Approx.) 

Example 101, How many gmsof glycerine oil can be poured into a bottle 
which holds 247:2 gm. of milk? (Densities given : milk 1:03 gm.[c.c., glycerine 
1°26 gm.|c.c.) 

Solution: If V be the volume of liquid the bottle can hold, then 


. mass of milk 2472 . 
~ density of milk 1'03 240 c.c. 


required mass of glycerine—1:26 x 240—302'4 gm. 


Example 10:2. A can weighs 15 gm. when empty, 75 gm. when filled with 
water, and 69 gm. when filled with olive oil. Find the specific gravity of the 
olive oil. ; 

Solution : Specific gravity of olive oil 

EA Weight of olive oil :69—15 9.9 
Weight of equal vol. of water 75— 15 

Example 10:3. When equal volumes of alcohol and water are mixed in a 
jar, the volume of the mixture is found to be 0:96 of the original volume. 
Calculate the specific gravity of the mixture, given that specific gravity of 
alcohol —0:76. 

Solution: Let V c.c. of water be mixed with an equal volume of 
alcohol. Taking the density of water as 1 gm./c.c., the mass of water=V 
m. 
s Now, mass of alcohol=0°76 x V gm. 

Mass of mixture=(0°76+ 1) V—176 V gm: 
Since the volume of the mixture is (0°96 x2 V)-1992 V c.c. 


: ‘16 V d 
Sp. gr. of the mixture (or density) LET = 0:92 


Example 10:4, ` An alloy contains 64 c.c of iron to 32 c.c. of nickel. The 
volume of abar of this alloy is I'05 cu. metre. Calculate the mass of the bar 


given sp. gr. of iron 7:5 ; and of nickel 8:9). 
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Solution : Since 96 c.c. of the alloy contains 32 c.c. of nickel and 64 
c.c. of iron, we have for the bar of this alloy, 
Volume of nickel=§? x 1°05 x 10*— 0:35 x 10° c.c. 
Volume of iron— $$ x 1:05 x 10°=0'7 x 10* c.c. 
Hence, mass of nickel=0°35 x 8:9 x 105—3:115 x 10° gm. 
and, mass of iron=0°7 x 7:5x 105—525 x 10* gm. 
The total mass of the bar=8'365 x 10° gm.— 8365 kg. 


10:5. Pressure of a fluid ; Thrust. 


When a fluid is contained in a vessel, it exerts a force on every part of 
the surface: of the vessel in contact with the fluid. This force exerted by 
the fluid always acts perpendicular to any surface in 
contact with the fluid [Fig. 101]. We define the 
pressure at a point due to a fluid asthe normal force 
exerted by the fluid on unit area containing the point. 
Thus, if F be the normal force exerted by the fluid 
on a very small area A surrounding a point, the 
pressure p at the point is given by 


Area A i F 
LL n cs 10:3 
Fig. 10-1: Pressure A 
of a fluid : or, F—pxA 


This normal force exerted by a fluid on any surface in contact with it is called 
thrust. 
Thrust= pressure x area 


It is obvious that the unit of pressure is the unit of force divided by the 
unit of area. Thus in C.G.S. system, the unit is dyne per square 
centimeter, in M.K.S system newton per square metre, while in F.P.S. 
system the unitis poundal per squarefoot. Similar to force, pressure is 
also a vector quantity. 


The magnitude of pressure at a point in a liquid : 


Let us imagine a horizontal area A containing 
the point P which is at a depth h below the surface 
ofthe liquid [Fig. 102]. We consider the liquid 
inside the vertical column BH having the base A. 

If p be the density of the liquid, the mass of 
the liquid column= volume x density — Ah x p. 

Hence the weight of the liquid column BH - 
hpg x A where, g is the acceleration due to gravity. 


Thus, F, —hpgA 


Now from the eqn. (10:3), p- PA pg (10:4) Fig. 10:2 ; Pressure at 
a point in a liquid 
Thus, the pressure p due to liquid at a point is equal to hpg i.e., to the product 
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of depth, density and acceleration due to gravity. It follows that at a particular 
place p œ h when p is constant and p oc p when h is constant. 


Liquid pressure has also the following characteristics : 


(i) Pressure at a point in a liquid at rest is the same in all 
directions, 


Within a liquid contained in a vessel, let us consider the equilibrium 
of a small volume of liquid bounded by imaginary surfaces KL, LM and 
MK. Let p, Pz, Py be the pressures on these surfaces [Fig. 10:3]. The 
volume is supposed to be so small that the 
pressure may be assumed uniform over each 
face and the weight of the liquid contained 
in that volume may be neglected. 


Let 4 be the area of the surface LK and 
let the surfaces LM and MK be perpendi- 
cular to each other. The force on each 
area can be obtained by multiplying each 
pressure by the corresponding area. Resolv- 


ing forces along and perpendicular to the Fig. 10:3; Pressure in a liquid at 
surface MK we get, rest is the same in all direction 


pÁ*x cos0—p, x A cosó 
and pA xsin8—p, X A sino 
Px—Dy—-P 

If the volume is supposed to be extremely small, it practically reduces to 
a point. And since the surfaces LK, LM, MK may be taken in any direction, 
it follows that the pressure at a point ina liquid at rest has the same value in all 
directions and is, therefore, given by hpg at any depth h in a liquid of 
density p. 

(ii) Pressure at all points at the same horizontal level in a liquid at 
rest is the same, 

To prove this, let us consider two points C and D [Fig. 10:4] at the 
same horizontal level in a liquid at rest. Let us imagine within the liquid 
a- horizontal cylinder having axis CD ; the 
end surfaces of the cylinder pass through 
the points C and D. The cross-section A of 
the cylinder is assumed to be small. 


Let the pressures at C and D be P and 
P', assumed to be different. These must 
act normal to the end surfaces of the 

ings cylinder, ie., along the line CD. The 
thrust on the end surfaces through C and D are therefore P.A in the 
direction CD, and P’A in the direction DC respectively. The thrust on 
the curved surface of the cylinder has no component along CD, since 
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it acts normal to the curved surface and hence to the line CD, As the 
liquid in the cylinder is in equilibrium, we must have 


P.A—P'.A=0, or, P=P’ 


Hence, for a liquid at rest pressure is the same at the same horizontal 
level. 


Demonstration Experiment, 


(1) A tall glass jar having three openings at different heights in the 
wall is taken. As the jar is filled with water, small jets of water at once 
spurt out through the openings. It is 
found that the jet issues out of the 
lowest opening with the greatest speed 
and hence travels furthest (Fig. 10°51, 
This shows that the pressure at a 
point in a liquid increases with 
depth. 

It is also obsérved that the’ jets of 
water spurt out in a direction normal 
to the wall of the jar. This demon- 
Fig. 10-5: Pressure increases strates that a liquid exerts a normal 

with depth force on the wall of the container. 


(2) A funnel F whose mouth has been closed with a stretched rubber 
membrane is connected by means of a rubber tube R to a glass tube g of 
small bore. - The glass tube is kept horizontal with a scale S attached to it. 
A small mercury pellet or a drop of coloured liquid (1) is introduced in 
the tube. This serves as an index since on pressing the membrance, 
‘the air inside gets compressed and pushes the index forward; the 


larger the pressure on the membrane, greater will be the displacement of 
the index. 


ex in the same Proportion. This proves 
that the pressure increases continuously with the depth of the liquid i.e., pressure 


at a point is proportional to its depth. 


Keeping the funnel fixed at a certain de 
turned in different directions, the index wil 


(Fig. 10*6(2)). This shows that liquid exerts 
directions, 


pth below the liquid, if it is 
l be found to remain stationary 
pressure at a point equally in all 


Tf the funnel is now dig 


placed to different points i 
level IFig. 10-6(6)], the voc nt points at the same horizontal 


Position of the index will be found to remain 


a 
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unchanged. Thus, the pressure exerted by a liquid at different points at the 
same horizontal level is the same. 


(a) y 
Fig. 106 
(ili) Hydrostatic Paradox: The thrust exerted by a liquid on the 
bottom of a containing vessel is independent of the total quantity of liquid 
contained or the shape of the vessel, but depends only on the height of 
the liquid column and the area of the base. This seems queer and the 
phenomenon is known a hydrostatic paradox. 


Let us consider three vessels A, Band C of different shapes but having 
the same base area (Fig. 10°7]. If they are filled with a liquid to the same 


Fig. 10:7 : Hydrostatic Paradox 


height, the pressure on the base of each is the same and since they all have 
equal areas, the thrust on the base of each will be the same. 

Now the thrust on the base of A is obviously exactly equal to the weight 
of water in A. The thrust on the base of B must, therefore, be less than the 
weight of water in F and the thrust on the base of C greater than the 
weight ofwater in C. Herein lies the paradox. 


The seeming paradox can be easily explained if we remember that 
liquid always exerts normal thrust on the walls of the container and the 
walls in turn applies an equal and opposite reaction Ron the liquid. In 
the case of A, this reaction R is everywhere horizontal and thus has no 
vertical component. The thrust on the base is thus only due to the weight 
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of the liquid. In.the case of B, the vertical component V of the reaction R 
Supports the weight of liquid on the sloping side. The thrust on the base is 
thus only due to the weight of the vertical liquid column standing on the 
base of vessel. In the case of C, the vertical component acts downwards 
and is transmittted through the liquid to provide the extra thrust on 


Demonstration Experiment : Four vessels, A, B, C and D, known as 
Pascal's vessels, are taken (Fig. 10:8). The vessels are open at both ends 


can be screwed in turn to the socket S fitted 
on a platform. A metal plate E fixed at 
the end of a lever Z can be pressed against 
the socket by placing weights on a pan 
‘attached to other end of the lever. One 


water is then gradually poured into A, till 
the plate E just gets loose and water 
escapes. The height of water in the vessel 


Pii)! 10: : Dernpestratian of is then marked by the pointer P. Repeating 
ks hydrostatic paradox the experiment with Other vessels, it will 


rises to the same height, the resulting thrust is Just able to lower the 
plate E when water begins to escape. This amply demonstrates that 
pressure depends only on the height of the liquid, not on the Shape and 
size of the container. 


Two important properties of liquid at rest now follow as corollary to 
the above consideration : 


Corollary I— 75; Sree surface of a liquid at rest is horizontal, 


If this is not true, let us compute. this pressures at two points A and B 
inside the liquid and in the same horizontal level [Fig, 10:9]. . If the depths 
of the liquid at 4 and B are h and h 
respectively, the Corresponding pressures at 4 
and B are given by hpg and hspg where p is 
the density of the liquid. Since 4 and B lie 
on the same horizontal level, the pressures at 


Inpg —hspg, Or, hh. 
It follows, therefore, that the free surface 


nitas horizontal. Fig, 10:9 : Free surface of a 
liquid is horizontal 
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the liquid stand at the same level in each of ihem irrespective of the size 
and shape of the vessels. This will 
be obvious if we re:aember that 
the pressures at the points 4, B, C 
and D lying on the same horizontal 
level must be equal Hence the 
depth of these points below the 
surfaces of the liquid must be equal. 
In other words, the level of the sur- Fig. 10:10 : Liquid always finds 

face in each vessel must be the same. ve en 

This fact is commonly expressed as “liquid always finds its own level", 


10:6. Average pressre and total thrust on a surface immersed in a 
liquid. 

If a surface be immersed horizontally inside a liquid, then the pressure 
at each point of it will be the same and total thrust on the surface can be 
obtained simply by multiplying the pressure at any point by the area of the 
surface. 

If, however, a surface be kept in a vertical or inclined position inside a 
liquid, then since different points of the surface lie at different depths, the 
pressure will vary from point to point. Itcan then be shown that the 
average pressure exerted on the surface is given by the pressure at the centre of 
gravity of the surface. The proof of the statement is beyond the scope of 
this book. The total thrust on the surface is then obtained by multiplying 
the average pressure with its area. If follows that the total thrust ona 
given surface depends not upon its inclination but on the depth of its centre 
of gravity. Thus if H be the depth of the centre of gravity of the surface, 
then 

the average pressure on the surface— Hpg 

total thrust—average pressure X area s e. (10:5) 

From this, we can easily calculate the total thrust on a rectangular 
surface immersed vertically in a liquid. Let 
the length and breadth of the surface be ‘a’ 
and ‘b’ respectively, its upper edge being at a 
depth h below the surface of the liquid [Fig. 
10°11). Since the centre of gravity of the 
surface is situated at the intersection of its 
diagonals, the depth of the c.g. below the 

surface of the liquid is given by, 
Fig. 10°11 : Average pressure 


on a surface H=h d 


b 
.. average pressure on the rectangular surface=(h-+9)pg 


total thrust= pe(h-+5) xab (10:6) 
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Example 10-5. What is t 
of a cylindrical vessel of diame 
gr. of mercury—136). 


he (i) total thrust and (ii) pressure on the bottom 
ter 28 cm, containing 30°8 litre of mercury» ( Sp. 


Solution : Cross-section of the vessel =r? — 3°14. x 14*—616 cm. 


Height of the mercury column 30 8x 10* =50 cm. 


Pressure exerted —/pg—50 x 13:6 x 980— 66:64 x 101 

Thrust—pressurex arca—66:64 x 101x 616—4-] x 109 

Example 10:6. The area of the piston of a lift. pump is 40 cm3, What 
force must be applied to raise water to a height of 150 metre ? 


Solution: The applied force F must 
the water column of height 150 metre, 


dyne/cm*, 
dyne. 


be equal to the thrust exerted by 


F=Ahpg=40 x 150 x 10?x 1 X980— 5:88 x 108 dyne. 


Example 10-7. A U-tube (a tube of uniform cross-section bent in the form of 
of the letter U) containing paraffin oil in one limb and water in the other is placed 


vertically on the table. The top and the bottom of paraffin oil column from 
the table are respectively 32-2 cm. and 8°2 cm. The top of the water column 
is 28°6 cm. from the table. Calculate the Specific gravity of paraffin oil. 


Solution : Height of the paraffin column 
above the surface of separation between 
water and paraffin is fy =32'2—8:9-—94 cm, 

Height of the water column above that 
surface of separation is 

hz=28°6—8-2— 90:4 cm, 


At the level of Separation, the pressure 
exerted by the two 


liquids is the same. 
ape ao - ] Therefore 
B hipı8 = hapag 


8 
———— ———À emen 


2 


Py hs 
or, == 
i P2 hy 
where p, and p» are the densities of paraffin and water respectively, Taking 
P3—]1 gm./c.c., we get, 
25737-9074: j 
aye 94 0'85 gm./c.c. 


Sp. gr. of paraffin — 0:95, 

Example 10:8. Two limbs of a U- 

by mercury. The length of the Water co 
cm. Find the difference in level between the surfi 
Given, sp. gr. of Water 1:0, of oliye.oi] =0°92, 
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Solution: Let the required difference in level be x cm. as shown in the 
diagram. Pressure of water column at the 
mercury surface in the left limb=16x1xg 
dyne/cm*. 

Pressure at the same level in the right limb. 

=Pressure of olive oil column Pressure 
of mercury column of length x cm. 

—(10x 0'92 x g+-x x 13°6 x g) dyne/cm?. 

Pressures in both the limbs at the same 
level are equal. 

s.. 16x1xg=10x0°92xg+xx13'6xg 
or, ee ae cm. 

Example 10:9. The length of each side of a cube is 60 cm. It is completely 
immersed in a liquid of density 2°5 gm.|c.c. in sucha way that the upper face lies 
at a depth of 20 cm. Calculate the thrust on each face of the cube. 


Solution: /—60 cm., p=2°5 gm.[c.c. and depth of the upper face 
=20 cm. 
Thrust on the upper face—20 x 2'5 x 60 x 60=18 x 104 gm. wt. 
Thrust on the lower face=(60 +20) x 2:5 x60 x 60—72 x 10* gm. wt. 
Average thrust on the side face— (204-52) x 2:5 x 60 x 60 
=45 x 10* gm. wt. 
Example 10-10. The gates of a certain canal lock are 20 metre wide. The 
water level on one side is 50 metre high and on the other side 24 metre. Calculate 
the resultant thrust on the lock gates. 


Solution: Total thrust on the side of the gate immersed in 50 m. of 
water=pressure at depth of 25  m.xarea of the gate immersed— 
(25 x 10? x 1) x (50x 20 x 10*) =25 x 10° gm. wt. 

Total thrust on the opposite side— pressure at a depth of 12 m.xarea of 
the gate immersed — (12 x 10* x 1) x (24x 20 x 10*) —5:76 x 10? gm. wt. 
Since thrusts are in opposite directions. 
resultant thrust= (25 —5:76) x 10°=19°24 x 10° gm. wt. 
10:7. Transmission of Fluid Pressure; Pascal's Law. 
A change in pressure at any point of a fluid produces a corresponding 
and equal change in pressure at all other points. The fluid thus transmits 
the pressure. The phenomenon was first clearly formulated by the French 


scientist and philosopher Blaise Pascal in a famous law known as Pascal’s 
Law after his name. The law states that : 


The pressure applied at any place to an enclosed fluid is transmitted undimi- 
nished to every portion of the fluid. 


Demonstration Experiment. 
(1) A performed rubber ball is taken and filled up completely with 
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water. When the ball 


is pressed, water will be found spurting out equally 


and also normally from all the perforations [Fig. 10°12]. 


Fig. 10-12 : Transmission 
of fluid pressure 


is a, the pressure applied on the liquid 
is Fala. Let the motion of the other 


pistons be prevented 


tional forces Fy, F, Fa-etc. on the 
pistons having cross-sectional areas b, c, d, 
€tc., respectively. It will. be found 


that, 


This proves that the pressure is trans- 
mitted with undiminished magnitude in all 


directions. 


10:8, Principle of multiplication of thrust. 


(2) A vessel with a number of openings of 
varied ‘cross-sectional area viz. a,b,c, d etc. are 
taken [Fig. 10°13]. All the openings are kept 
closed by watertight movable pistons. The vessel 
is then completely filled up with water. Wher: an 
inward pressure is applied on any one of the 
pistons, say A, the others will be found to move 
outwards. This shows that pressure is transmitted 
in cil directions. Ifthe force applied on the piston 
be Fa then since the cross-sectional area of it 


by applying addi- 


Fig 10:13: Verilication of 
Pascal’s law 


Two hollow cylinders of different Cross-sectional areas ‘a’ and ‘p’ (b>a), 
P, comunicated by a tube, are filled with a 


liquid [Fig. 10:14]. Both cylinders are 
fitted with two water-tight and friction- 
less pistons of negligible masses. 


If a small force F, be now applied on 
the smaller pistor, the pressure acting 
on the liquid is P=Fala. This pressure is 
‘transmitted undiminished through the 
liquid and the larger piston is thus 
pushed upwards with a force p.b. To 
keep it in equilibrium, a force F, must be 
applied, where Fy—p.b. 


Fy Fax - & 5s (10:7) 


=nF,, where 2 Sh 
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Hence, the thrust developed on the larger piston is multiplied n times, 
where ge This is known as the priaciple of multiplication of thrust by 


transmission of fluid pressure. For example, if the cross-sectional area of the 
larger piston be 200 times greater than the smaller one, then n—200 and 
the thrust developed on the larger piston is also multiplied 200 times. 

Agreement with the principal of conservation of energy: It may 
appear at first sight that as a very large force is being obtained from a 
comparatively small one, hence in this case the principle of conservation of 
energy is violated. Actually this is not so, as we shall prove now. 

Let us suppose that the smaller piston is pressed downwards through a 
distance /. In consequence, let the larger piston move up through a 
distance l» Assuming that water is perfectly incompressible, 

Increase in the volume of water in the larger cylinder=decrease in the 
volume of water in the narrower cylinder 

or, b/,=al, 
The work done by the force F, on the smaller piston —F, x l 
The work obtained from the force F, on the larger piston —F; x ls 


Now, F,xlh-—F,x Pu 
=F Ah 
Hence, the work obtained=the work done. 
which agrees with the principle of conservation of energy. 
In the above discussion, we have neglected the effect of friction which 
produces dissipation of energy and thereby lowers the amount of work 
actually obtained. 


It should be noted that as F;>Fa, lh. Hence the displacement of the 
larger piston is much smaller than that of the smaller one. 


10-9. Application of Pascal's Law. 

We have just explained how Pascal's law immediately leads to the very 
important principle of multiplication of thrust. This principle and hence 
Pascal’s law have a wide number of practical applications, a few of which 
are discussed below : 


[1] The Hydraulic or Bramah's Press, 


A schematic diagram of hydraulic press is shown in the Fig. 10°15. It 
consists of two cylinders A and B connected by the tube T. The cylinders 
are filled up with a liquid. The tube contains a oneway valve V which 
allows liquid to flow from A to B, but does not allow a reverse flow. The 
cross-section of the cylinder B is many times larger than that of A. The 
cylinders are fitted with two water tight pistons P, and P. Force can be 
applied on the piston P; by means of a lever of the second class, which 
further increases the mechanical advantage. The piston P, carries a 
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platform D on which the objects to be pressed is placed. To serve this 
purpose, a plate E fixed on rigid frame (not shown in Fig.)is kept 
above the platform D. 
TET When a force F, is applied. on 
the piston P;, then from the princi- 
ple of multiplication of thrust, a 
much larger thrust F is developed 
at the other piston P,, given by, 
Fy—Fi xA 
where 4 and B are the cross- 
sections of the respective cylinders. 
If the corresponding effort F be 


Fig. 10-15: Hydraulic Press applied on the lever at a distance 
y from the fulcrum O, then taking moment about O, 
Fyxx=F xy 


Where x is the distance between the point at which the piston is 

attached to the lever and the fulcrum O. 
Fy=F x= x k. E: (10:8) 
Mechanical advantage of the machine 
_ thrust generated F4. y , B : 
T i] Se. A ee T (109) 

The applied effort can thus be multiplied many times; as the piston 
P, descends under the action of the force F;, the valve V opens. and allows 
some liquid to enter into B and the piston P; and hence D rises under the 
action of the large thrust Fs and presses the object against the fixed plate E. 
It should be noted thatin the above discussions, we have neglected the 
effect of friction which obviously lowers the mechanical advantage gained. 

The hydraulic press is utilised to serve wide variety of purposes. It is 
used in compressing bales of paper, cotton, jute etc., in extracting oil from 
seeds, for testing the strength of 
iron beams, for raising heavy loads 
or automobiles etc. 

(2) Most road vehicles are ‘now, 
equipped with hydraulic brakes. 
which are the applications of Pas- 
cal’s law. The system of breaking 
is shown in the Fig. 10°16. As the 
foot pedal F is pressed by the driver, 
the piston P in the master cylinder 
M moves inwards. The resulting Fig. 10:16: Hydraulic brake system 
pressure is transmitted by the fluid to the pair i i 
wheel cylinder W. Thése brake pistons move (opidi e ihe ‘Babe 
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shoes B, B apart. The shoes get pressed against the rim R of the wheel, 
producing the breaking effect due to friction. `A spring S pulls the shoes 
together again when the brakes are released. 

Example 10:11, The diameter of the neck and the bottom of a bottle com- 
pletely filled up with water are 5 cm. and 25 cm. respectively. If a force of 
6 kg. is applied on the stopper, how much thrust does the bottom of the bottle 
experience ? 

Solution: Diameter of the neck=5 cm. and that of bottom=25 cm. 
and force applied on the neck=6kg. Hence from eqn. (10°7) the thrust 


developed at the bottom 5x 25*—150 kg. 


Example 10:12, The radius of the small piston of a hydraulic press is 8 
cm. and that of the large piston is 96 cm. It is worked by a hand lever of 
which the ratio of the arms is 3 : 28. If a force of 27 kg. wt. is applied on 
the handle, what is the force developed by the large piston ? 

Solution: The ratio of the cross-sectional areas of the pistons 


ws LUUD. the ratio of the arms of the level - = and the force 


ee 
applied on the handle of the lever=F=27 kg. wt. So from eqn. (10°8), force 


2 
developed by the larger piston=27 x Tx 95° —36288 kg. wt. 


10:10. Buoyancy. 

If a body is immersed partly or fully in a liquid or a gas, it appears 
to become lighter. This occurs due to the fact that the liquid (or the gas) 
exerts an upward thrust or buoyant force upon the immersed object. As 
this acts in a direction opposite to the weight of the body,an apparent 
loss in its weight is felt. The loss is not real; when immersed, a part of 
the weight of the body is simply being neutralised by the upthrust exerted 
by the liquid (or the gas). The upward thrust which any liquid or gas exerts 
upon a body partly or fully submerged in it, is called its buoyancy. 

In order to get an explanation for the buoyancy of a liquid, let us 
imagine a rectangular solid block ABCD, immersed vertically in a liquid. 
The block is subjected to liquid thrust acting nor- 
mally on all its sides as shown in the Fig. 10'17. 
The horizontal thrusts acting at all points on 
the sides 4D and BC get mutually neutralised, 
because they are exactly equal in magnitude and 
Opposite in sense. Thus only the vertical thrusts 
on the sides 4B and DC should be taken into con- 
sideration. Let the depths of AB and DC from the 
free surface of the liquid be A, and / respectively 


d Fig, 10:17 : Buoyancy 
and the cross-sectional area of the face AB or DC be aj E liquid 


a, Then the pressure at a point on the face AB=Inpg. 
Hence, the thrust on AB=hypga, acting vertically downwards. 


Similarly, the thrust on DC=h,pga, acting vertically upwards. 
P-I/17 
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Since h, is greater than /, the upward thrust is greater than the down- 

ward thrust. Hence, the resultant upward thrust on the block 
=gpa(hy—h,)=gpal 
where I4 —h;—l, the height of the block. 

Now, al is the volume of the block and therefore, aipg is the weight of 
an equal volume of the liquid. Since the block displaces and equal volume 
of liquid, we thus get, 

the resultant upward thrust on the block or buoyancy=weight of equal 
volume of the liquid displaced by the block. 


The above discusssion also holds true for a body of any shape and size. 

Thus, if W, be the weight of the body and W, be the weight of an equal 
volume of liquid, then on being fully immersed in the liquid an apparent 
loss Ws in the weight of the body will take place. As a result, the apparent 
weight of the body is given by (Wi—W,). This explains why it is easier to 
displace a heavy body when immersed in water, than when it is outside. 

It is evident now, that the buoyancy does not depend on the depth to 
which the body is immersed, nor also on the shape, mass or material of the 
body. It simply depends on the immersed volume of the solid and the 
density of the liquid displaced. 

It also follows from the above discussion, that the phenomenon of 
buoyancy is absent in a weightless condition, e.g. in an artificial satellite. 
10°11, Centre of buoyancy. 

The point at which the buoyancy of a liquid acts on a body is called the 
centre of buoyancy or the centre of floatation. To locate this point, we 
consider a body immersed in a liquid [Fig. 10°18 (a)]. The body will be 
subjected to normal thrust at each 
point of its boundary. These com- 
bine to produce the resultant up- 
ward thrust B on the body. Ifthe 
body is now removed, its place will 
be occupied by an equal volume of 
the liquid. The same thrust acting 
round the same boundary will now 

Fig. 10 18: (a) Forces at boundary of the act on this liquid [Fig. 10°18 (5)]. 
solid. (b) Same forces acting on Hence the resultant of them will be 
sis tard neon dente marae EE same ie. B. Since the liquid 

is at rest, this resultant thrust must neutralise the weight W of the 
liquid within this boundary. Hence, the resultant thrust must ‘act 
upward through the centre of gravity of the displaced liquid and must 
be equal in magnitude to the weight of the displaced liquid. Centre of 
buoyancy thus coincides with the centre of gravity of the displaced liquid. 

Reaction of the force of buoyancy: A body immersed in a liquid 
experiences an upward buoyant force exerted by the liquid. According to 
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Newton’s third law, the body should also exert an equal and opposite 
(downward) force on the liquid. The existence of such a reaction can be 
demonstrated easily in the following experiment. 


A beaker filled with water is placed on one of the scale pans of a 
common balance and suitable weights are added to the other pan to get 
accurate balance. If now, one end of a stick held by hand (ora piece of 
iron suspended by a string) is introduced in water without touching the 
beaker, the balance gets disturbed. The pan on which the beaker stands 
goes down. While the stick (or the iron piece) is buoyed up by the water, 
it exerts a downward reaction on water and thereby lowers the pan. 


10:12. Archimedes' principle. 


The fact that a body immersed in a fluid is buoyed up with a force 
equal to the weight of the displaced fluid was first discovered by the Greek 
scientist Archimedes in the third century B.C. He applied almost the 
same reasoning asin our preceding article. The principle, named after 
him as Archimedes' Principle states that 


A body, partly or fully submerged in a fluid at rest, appears to lose a part of 
its weight which is equal to the weight of the fluid displaced. 


It should be remembered that Archimedes’ principle involves the 
weight of a body. Hence it does not hold 
when the body is in the state of free fall 
or when the body is in an artificial satellite 
moving in a circular orbit; in both the 
cases the body is in weightless condition. 


Demonstration experiments. 


(1) A solid block of any substance 
heavier than and insoluble in water is taken 
and weighed by a spring balance. A can 
fitted with a spout is filled up with water 
up to the mouth of the spout. If the block 
is then lowered completely into the can of 
water without touching its sides, the water 
overflows. This overflowed water is collected 
carefully in another small container [Fig. 
1019] and weighed. The observed reading 
of the spring balance, when the block Fig. 10-19 : Demonstration of 
is immersed in the can of water, gives Archimedes’ principle 
its apparent weight. The differences of weight of the block in air and its 
apparent weight, gives the upthrust or buoyant force on the submerged 
block. It will be found that this upthrust is just equal to the weight of 
thewater displaced by the block. 


(2) Archimedes’ principle can also be verified by a hydrostatic balance 
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as shown in the Fig. 10°20. From the right hand side of the balance, two 
cylinders are hung together. One of them, A, is hollow and the other, B, 
is solid, such that the inner volume of A 
is equal to the outer volume of B. B is 
suspended from the hook provided in the 
bottom of A. Firstly, two cylinders 
together are made accurately balanced 
by placing a set of weights on the other 
pan of the balance. The solid cylinder 
is then submerged completely in water 
contained in a beaker, taking care that 
it does not touch the side of the beaker 
[Fig. 10°20 (a)]. The beam of the balance 
tilts towards the weight pan because of 


(a) (b) the upthrust or buoyant force of the 
Fig. pes ie ui of water on the solid cylinder. From Archi- 


medes’ principle, the buoyant force is 
equal to the weight of a volume of water exactly equal to the volume of 
the cylinder B. Water is now slowly poured into the empty hollow 
cylinder A. When the cylinder A is just completely filled with water, 
the beam of the balance again becomes horizontal [Fig. 10°20(b)]. 


10:13. Applications of Archimedes’ Principle. 


(i) Determination of volume of a solid : The volume of a solid object 
of any shape can be easily and accurately determined by the following 
method, provided the solid is heavier than the liquid and is insoluble in 
the liquid. The solid is at first weighed in air and then again weighed by 
completely submerging it in a liquid. Thus if w,—weight of the body in 
air and w,=weight of the body in a liquid of density p, then from 
Archimedes’ principle, à 

W1—Wa—apparent loss of weight of the body, 
—weight of the liquid displaced. 
The volume of this displaced liquid is equal to the volume of the solid. 


Volume of the solid, V —!1—Vs Stil cos (10°10) 
P 
If the liquid be water, then since in C.G.S. 


density of water approximately equals l gm./c.c., 
volume of the solid, V — (W1—We) c.c. 


In F.P.S. system of units, the density of water is 62:5 Ib/cu. ft. 


System of units, the 


(10°11) 


volume of the solid, VS cu. ft. 


For an irregular shaped. body, this provides the easiest method for 
determining its volume. It is very difficult to measure the volume of an 
irregular body by the usual measuring instruments. 
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(ii) Determination of density of a solid: Let the weight of a solid 
object in air be w, and when completely immersed in a liquid of density p, 
its weight be w». Then, as before from Archimedes’ Principle, we obtain 
that the volume of the solid, 

Mass 


y aa Sasi i (ipe cea 
: Since density of a solid, EE 


ARCA m 55 . 
We have, D= EREA Xp (10°12) 
If the es is submerged in water, we have as before, 


Dez "i. gm. c.c. in C.G.S. units jn Vc (10°13) 


Wi — Wo 


or, D= x 62:5 Ib./cu, ft. in F.P.S. units. 


a 
(iii) Determination of the amounts of two metals in an alloy : 
A piece of the alloy is at first weighed in air and again by completely 

submerging in water. 
Let, w gm.=weight of the alloy in air 
ws gm.—weight of the alloy in water 
Therefore, applying Archimedes’ principle, we have from eqn. (1011), 
volume of the alloy— (w; —w;) c.c. 
Also, let the amount of metal A in the alloy=x gm. 
amount of metal B in the alloy=(w,—x) gm. 

Now, if p, and p; be the densities of metals 4 and B respectively then, 


X | Wx 
Tht gee ens 
Pe 
—— —L)en- Wee 
Pe 
or, eee Hi) x Piee 
Pe papi 


Thus w;, We, p; and p; being known, amount of metal A and hence that 
of metal B in the alloy can be determined. 


10:14. Floatation: Conditions for equilibrium of floating bodies, 

As previously discussed, if'a body is partly or fully immersed ina 
liquid, two vertical forces simultaneously act on it. These are : 

(i) the weight W of the body, acting downwards through the centre of 
gravity of the body, 

(ii) the buoyancy equals to W' i.e., the weight of the displaced liquid, 
acting vertically upwards through the centre of buoyancy which coincides 
with the centre of gravity of the displaced liquid. 


Depending upon the relative magnitudes of W and W’, three cases 
may arise : 
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(à) If W-W', i.e., when the weight of the body is greater than the weight of 
the liquid displaced, the body sinks. A net downwards force W— W' acts on 
the body. For a homogeneous body of density e and volume /, its weight 
W=Vpg. If p’ be the density of liquid, then the weight of equal volume of 
liquid— W'—Vp'g. The condition W>W’ thus implies that p>p’. Hence, 
if the density of the body is greater than that of liquid, the body sinks. 

(b If W=W’, ie, when the weight of the body equals ihe weight of the 
liquid it displaces, the body floats being wholly immersed anywhere in the 
liquid. "The net force on the body is zero and hence its apparent weight 
vanishes for all such positions. Evidently,W— W', means p—»p' ; the density 
of the body in this case equals t hat of the liquid. 

(c) If W<W’, i.e., when the weight of the body is less than the weight of 
liquid displaced by it, the body does not sink. When completely submerged, the 
body rises. A net upward force W'—W acts on the body. As it reaches the 
surface, a portion of the body emerges from the liquid while the rest 
portion remains immersed ; thus smaller amount of liquid is displaced. 
Consequently W’ decreases and as the body continues to rise, a time comes 
when W becomes equal to W’. The body then floats on the surface of the 
liquid being partly immersed in the liquid. The weight of the body is then 
equal to the weight of the liquid displaced by the submerged portion of 
the body, The apparent weight of the floating body is obviously zero. The 
condition W<W’ gives p<p’, so that for floating the density of the body 
must be smaller than that of the liquid. f 
10°15. Conditions of Equilibrium of a Floating Body. 

A floating bod 
its weight W acting downwards and 


same straight line; otherwise 
rotational motion of the floating 
bodies, the following two conditi 


(i) Condition of floatation: The weight of the floating body must be 


equal to the weight of the liquid displaced. 

(ii) Condition of equilibrium: The 
centre of gravity of the body and the 
centre of buoyancy i.e., the centre of 
gravity of the displaced liquid, must lie 
on the same vertical line. 

Fig. 10°21 shows a floating body in 
equilibrium where G represents the c. g. 
of the body and B, the centre of buoyancy. 
In this equilibrium position, the vertical 


. , line through the c. g. passes through the 
centre of buoyancy. This line (y) is known as the centre line of the body 
and is fixed with respect to the body. 


Fig. 10:21 : Floating body 
in equilibrium 
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10°16, Stability of floating bodies. 


The equilibrium of a floating body may be either neutral, stable or uns- 
table. This state of equilibrium of the floating body may be determined by 
slightly tilting it from its equilibrium position. 

If-a slight tilt of the floating body from its equilibrium position does not 
produce any shift of the centre of buoyancy, the body is said to be floating 
in neutral equilibrium. The c.g. of the body and the centre of buoyancy 
then always lie on the same vertical line. A floating sphere provides such 
an example. 

In general, however, on tilting the body, the centre of buoyancy shifts 
to a new position B’ towards the leaning side, because more liquid is now 
displaced on that side of the body. The forces of weight (W) and the 
buoyancy ( W’) no longer act on the same vertical line and hence pro- - 
duces a couple [ Fig. 10°22 ]. If the couple formed tends to restore the 
body back to its original position, the equilibrium is said to be stable 
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Fig. 10-22 Stable and unstable equilibrium of a floating body 


[ Fig. 10°22 (a). If, however, the resulting couple tends to produce further 
displacement of the body from its original position thereby upsetting it, the 
equilibrium is said to be unstable ( Fig. 10°22 (5) ]. em 

Ifwe draw a vertical line through B', the point M where it cuts the 
centre line xy of the body is called the meta centre. Itis obvious from the 
figure, that if the meta centre (M) lies above the c. g. (G) of the body, the 
equilibrium is stable. If it lies below, the equilibrium is unstable. Thus, 
for stable equilibrium, the meta centre must lie above the centre of gravity of the. 
body. The distance GM is known as the metacentric height. Greater this 
metacentric height, greater will be the restoring couple tending to bring the 
body back to its original position and larger will bethe degree of stability 
of the floating body. The c. g. of a ship is thus kept as low as possible by 
filling the bottom of the ship with ballast, thereby increasing its stability. 
10:17. Two important relations for a floating body. 

(a) Letus consider a body of volume V and density p, floating in a 
liquid of density p. If a volume v of the body remains submerged in the 
liquid, then the volume of displaced liquid is also v. Hence, from the con- 
dition of floatation. 
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the weight of the body—weight of the displaced liquid 


y 
or, Vpgevp'g or, s m, 


Volume of the submerged portion of body 
Total volume of the body 


— density of the body 
density of the liquid 


(b) Ifa fraction n of the floating body remains immersed in the liquid, 


(10°14) 


then yt 


ap Or, p—np' a oon (10°15) 


The density of the body is thus n times that of the liquid. If the body 
floats in water, then p’=1 ;hence p=n, The density of the body is thus 
equal to the fraction of its volume remaining under water, 


1018, Illustrations of the principle of floatation, 


(i) Balloons; A balloon filled with hydrogen rises in air for the same 
reason as the cork rises in water. In this case, the total weight of the 
balloon including that of hydrogen, is much less than the weight of air it 
displaces: The difference between the two represents the upward thrust 
under whose action the balloon rises in air, 


(ii) Ice : The density of ice, p, is 0°917 gm./c.c, whereas the density of 
water p' is approximately 1 gm./c.c, Since p<p’, ice floats 
immersed in water. The fraction of the volume of ice 
water is n—p—0:917—33 approximately. Ice thus floats i ith 3 
of its volume below the surface and Ys above it. In cdi Wr i 
of huge icebergs floating on the sea i$ very common. The densit of te 
water being about 1°08, an iceberg floats on the sea with about o 8 inth 
of its volume lying above the level of water, ee 


(iii) Ships: With a Suitable choice of sha i j i 
than a liquid may remain floated on the laud Ep eric 
shaping the body in such a way, that the weight of the liquid displaced = 
the submerged portion of the body equals its weight. Thus, though an 
iron block readily sinks in water, a ship made of iron floats, The ‘ea 
of the ship 13 given a concave shape, so that its interior remaing hollow. As 
the ship enters water, it displaces a large volume of water whose wei ht 
equals the weight of the ship. The ship thus floats, : seis 

(iv) Submarine. A submarine cont 
called ballast tanks, fitted with valves 


, being partly 
remaining under 
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sinks, To raise the submarine again to the surface, water is driven out of 
the ballast tanks by compressed air. These operations can be executed 
very swiftly. 


Example 10-13. 4 solid weighs 75 gm. in air and 60 gm. when immersed 
in a liquid of density 0-9 gm.[c.c. Find the volume and density of the solid. 


Solution: Wt. of the solid in air w;—75 gm. 
Wt. of the solid in the liquid w,—60 gm. 
Density of the liquid p—0'9 gm./c.c. 
Applying Archimedes’ principle, we have from eqn. ( 10°10 ), 
Volume of the solid yon 80-1667 c. €. 
Density of the solid D— 7L — fes —45 gm.[c.c 
y 67 gm.|c.c. 
Example 10°14. A solid weighs 5 gm. in air, 3 gm. in water and 3'2 gm. 
in benzene. Determine the specific gravity of the solid and of benzene. 


Solution: wt. of solid in air w,—5 gm. 
wt. of solid in water w,*-3 gm. 
wt. of solid in benzene w,=3'2 gm. 
wt. of water displaced —w;—w4—5—3—2 gm. 
wt. of benzene displaced—w, —w,—5—3'2— 1:8 gm. 
wt. of solid in air -4-—25 
wt. of water displaced : 


sp. gr. of benzene— Wt of benzene displaced _ l8. 9.9. 


wt. of water displaced 2 


Example 10°15. A bruss ring of weight 215 gm. is held by means of a 
string so as to be totally immersed in (a) water (b) olive oil. Find the tension 
in the string in each case. Density of brass is 8:6 gm.[c.c. and of olive oil is 
0:91 em.[c.c. 


sp. gr. of solid— 


Solution: (a) Sp. gr. of bras-86—273. where W is the weight of 


equal volume of water. «. W=25 gm. Hence, the upthrust of water on 
the ring—25 gm. wt. : 


IfT' be the tensior. in the string, then T=weight of the ring —upward 
thrust of water=215—25=190 gm. wt. 

(b) Sp. gr. of olive oil being 0'91, we have 

0:9] — weight of olive oi! displaced by the ring 

weight of water displaced by the ring 

-. weight of olive oil displaced=:0°91 x 25=22'75 gm, 

the upward thrust of olive oil on the ring—22:75 gm. wt. 
Hence, as before, the tension in the string —215—22:75—192:95 gm, wt. 
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Example 10:16. A solid weighs 55 gm. in water and 70 gm. in a liquid 
of specific gravity 0-6. What is the mass of the solid in air and the specific 
gravity of the material of which it is made ? 


Solution: Let x be the weight of the solid in air, and hence from the 
given conditions we have, 


I =0°6, Solving we get x=92'5 gm. 
*. Sp. gr. of the solid= 92 _ 9-47, 


92:5—55 
Example 10:17, An ornament weighs 11:2 gm. in air and 10:5 gm. when 
immersed in water. It is known that specific gravity of pure gold — 19:3. (2) Is 
the ornament of pure gold ? 
(b) If not, find the amount of gold in it. Assume the material of the 
ornament is an alloy of gold and quartz, the specific gravity of quartz being 2:6. 


Solution: (a) Here w,—11'2 and W3—10:5 gm. 
Sp. gr. of the material of the ornament 
DM BEuEl:21:52:112 
Wi-W. 112—105. 07 
Itis less than that of pure gold. Hence the ornament is not of pure 
gold. 
(b) Let mass of gold in the ornament—x gm. 
mass of quartz in the ornament (11:2—) gm. 
Now, volume of the ornament=volume of gold - volume of quartz 
Tuo x 4,1L2—x 
LEAS SS oer 26 
Solving, we get x=11:08 gm. 


=16'0 


Example 10:18, A beaker containing water rests on a weighing machine 
which reads 700 gm. wt. A piece of glass is suspended from a spring balance 
which reads 20 gm. wt. If the specific gravity of glass is 2:5, what will be 
the readings of the spring balance and weighing machine when the glass piece 
is lowered into the water ? 

Solution: Volume of the glass piece—15,—8 c. c. 

Wt. of water equal in volume to glass piece—8 gm. wt. 
Upthrust on the glass piece when immersed completely in water 


=8 gm. wt. 


Hence the spring balance now reads (20-8 )=12 gm. wt. 
By Newton’s third law, upthrust on glass piece 
=downthrust on weighing machine 
.. Extra downthurst on weighing machine—8 gm. wt, 
Hence, weighing machine now reads ( 700+8 )=708 gm. wt. 


Example 10:19. 4 piece of brass weighing 340 gm. floats in mercury with 


3th of its volume above the surface. Find the volu 1 
f $ me and 
(Density of mercury = 13-6 gm.[c.c.) cic al 
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Solution: Let the volume of the piece of brass be V and its density be 
p. Then, the volume of its submerged portion is V—8V = c.c. 


V 
From eqn. (10:14), va “~ p=8'5 gm.[c.c. 
Volume V=340 —40 c.c. 


85 
Example 10:20. A piece of ice weighing 1:5 kg. floats in saline water. 
Calculate the volume of the submerged portion. Given that the density of 
saline water=1:03 gm.[c.c. 


Solution ; Volume of the piece of ic 1990 c., where p is the density 


ofice. From eqn. (10:14), 
Volume of submerged portion of the piece of ice — Density of ice 
Volume of the piece of ice Density of saline water 


Volume of the submerged portion= 153 <= 14564 c.c. 


Example 10:21. A hollow glass-stopper just sinks in water. Compare the 
volume of the cavity with that of the stopper. Sp. gr. of glass=3. 

Solution: Let us suppose that the stopper possesses volume x c.c. and 
since it displaces x gm. of water, the upthrust of water=x gm. wt. From the 
condition of floatation, weight of the stopper must be x gm. in order that it 
just sinks. Now, since the sp. gr. of glass is 3, the volume of glass=¥ c.c. 

Hence, the volume of the cavity =the difference of the volume of stopper 
and the volume of glass—x—$—$x- 


-volume of cavity n fx =; thus the volume of the cavity is $ of 
volume of stopper x 3 
the volume of the stopper. 

Example 10:22. A wooden cube floats in water supporting an iron block 
of mass 1:2 kg. When the block is removed the cube rise 3 cm. Estimate the 
volume of the cube. 

Solution : Let each side of the cube be of x cm. length. From the con- 
dition of floatation, we have, weight of the block—weight of water 


d 5 
». X!x9—1200 ; hence x—20 cm. and the volume of the cube—8000 c.c. 


Example 10-23. A piece of wood weighs 40 gm. in air ; when a piece of 
brass is fixed with it, the total weight is 52 gm. The combination floats, being 
wholly immersed in water. If the specific gravity of brass is 8-5, calculate the 
specific gravity of wood. 

Solution: The weight of the brass piece=12 gm., and its volume 


- i c. If S—sp. gr. of wood, the total volume (452-- 22 ec. 


1 
-. Weight of displaced water=( 224“ )gm. 


From the condition of floatation, me 2- ; hence S=0°79. 
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10:19, Air Pressure. 

The earth's surface is covered with air which extends up to a height of 
about forty miles. This is known as the atmosphere. This air is really a 
mixture of well-known gases, about 77% nitrogen, 21% oxygen and 1% 
argon. The remaining portion consists of small quantities of such gases as 
carbon dioxide, water vapour, hydrogen, neon, krypton, helium, ozone 
and xenon. 

Similar to the case of a liquid column exerting pressure due to its 
own weight, weight of air gives rise to a pressure on every object inside the 
atmosphere. This pressure, known as atmospheric pressure, i; given by 
the weight of a column of air of unit cross-section and which extends from 
the point under consideration to the top of the atmosphere. Evidently, 


the pressure is greatest on the earth's Surface and decreases as we go 
upwards. 


10:20, Torricelli’s Experiment, 
About 300 years ago, the Italian physicist Torricelli 

proved the existence of atmospheric pressure. 

one metre long,open at one end only and filled 


leaving no air bubble inside. Closing the open 


of, mercury keeping the end immersed in 
Mercury. When the finger was removed, the 
to a height of 
ce of mercury 
ed stationary. 
the mercury 


Fig. ieee On taking it to high altitu 


- Actually, the space 


contains a little mercury vapour whose pressure, 


small. 
10°21, 


mi . * 
of mercury column above the caidé rs A and A the vertical height 
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Since p—13'6 gm./c.c. and h—76 cm., we have 
The atmospheric pressure=P=76 x 13:6 x 981 dyne/cm? 
71:014 x 10* dyne/cm?. 
In M.K.S. unit, the value is P—1:014 x 105 newton/m?. 
In F.P.S. unit, h=39 in., p=13°6 x 62:5 Ib./cu.ft. 
P3019 08991, wt fin à— 14775 Ib.wt./in?, 

Sometimes the atmospheric pressure is expressed in bars and millibars, 

l bar 10* dyne/cm?., 1 millibar=1000 dyne/cm.? 

On this basis, 1 atmosphere=1°014 bar=10i4 millibar. 
Atmospheric pressure is usually expressed in terms of the height of the 

mercury column i.e., in centimeter of mercury. 


10:22. Standard Atmospheric Pressure, 


Due to air currents, varying quantities of water vapour and other 
irregularitics, atmospheric pressure at a particular place does not remain 
constant. The atmospheric pressure also decreases with the height of the 
place. Due to variation in the value of acceleration due to gravity with 
latitude, the same atmospheric pressure is balanced at different places by 
different heights of the mercury column. Temperature is also a. factor, 
since density of mercury decreases with increasing temperature. Hence it 
is necessary to define a standard value for atmospheric pressure. The 
standard atmospheric pressure js defined to be the pressure exerted bya 
column of mercury 76 cm. high at 0°C. at 45? latitude and mean sea-level, 


Now, density of mercury at 0°C=13°596 gm./c.c. 
and, value of g at 45° latitude=980'6 cm./sec.” 
Standard atmospheric pressure 76 x 13:596 x 980'6 
=1'013 x 10° dyne/cm.? 
=1°013 bar. 


10:23. Measurement of atmospheric pressure, 


Atmospheric pressure is measured by an instrument, called the barometer 
and Torricelli’s apparatus provides a simple barometer, We shall discuss 
only two types of barometer—(1) the Fortin's barometer, which is an 
improvement of the simple barometer and (2) the aneroid barometer in 
which no liquid is used. 


(1) Fortin's Barometer: This essentially consists of a glass barometer 
tube B filled up with mercury and kept inverted over a cistern of mercury 
called the reservoir R [Fig. 10°24]. The bottom of the reservoir is flexible 
and usually made of chamois leather, L. A screw S presses against L, so 
that by turning the screw, the mercury level in the reservoir can be raised 
or lowered. A small ivory pin J is attached to the lid of the reservoir. In 
order that this pin and the level of mercury in the reservoir can be 
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observed, the upper part of the reservoir is made of glass. The barometric 
tube and the reservoir are enclosed in a metal tube T for safety. In the 


Fig. 10:24 : Fortin’s 
Barometer 


upper part of the tube, a wide vertical slit is made 
so that the upper level of the mercury column can 
be seen. Linear scales M in both centimeters and 
inches are engraved on the metal tube on both sides 
of the slit (only the centimeter scale is shown .a the 
figure). A vernier scale V can be moved up and down 
in the slit by the knob-P of a rack and pinion 
arrangement. The zero of the main scale coincides 
with the tip of pointer 7. 


To read the barometer, the instrument is placed in a 
vertical position and the screw S is then turned until 
the level of mercury in the reservoir just touches the 
ivory pointer J. The vernier is then moved until 
its lower edge just touches the convex shaped mercury 
meniscus in the tube. Both the main scale and the 
vernier scale readings are then taken, which gives the 
barometric height in centimeters or inches of mercury. 
Temperature is recorded from a thermometer ( not 
shown in the figure) attached to the tube T. For 
accurate work, temparature correction must be made 
to take into consideration the effects of expansion of 
the material of the scale and of the mercury, itself 
[c.f. Art 15°8 ]. 


(2) Aneroid Barometer: The aneroid barometer [ Fig. 10:25 ] is of 


quite a different type and contains no liquid ( Greek a, without, zeros, 


liquid ). Itis more compact than 
mercury barometers, is portable and 
can be used in any position. It 
is frequently used as an altimeter 
and barometer combined. It consists 
essentially of a shallow partially eva- 
cuated metal box B with a thin, corru- 
gated metal cover M. A stiff spring 
S pulls the cover upwards and pre- 
vents it from collapsing With slight 
decrease or increase in the atmos- 
pheric pressure, the cover moves up 
or down. The cover is attached to 
asyatem of levers which multiplies 


Altitude 


Fig. 10:25 : Aneroid Barometer 


this movement. The end E of this lever system is connected to a small 


cable A which passes round a spindle L and is then 


connected to a spring 


4I. A pointer R moving over a graduated scale is attached to this spindle. 
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This scale must be graduated or calibrated by comparison with a standard 
mercury barometer. 

With increase in atmospheric pressure, the cover M goes down resulting 
in a magnified upward movement of the end E of the lever system. The 
spring H draws the cable 4, turning the pointer to the right. When 
pressure decreases, the reverse takes place, 

Since atmospheric pressure decreases with altitude, a scale showing the 
altitude directly may be attached with the instrument. It is then called 
an altimeter which is used in every aeroplane. i 

Example 10:24, 4 barometer is used to determine the height of a mountain. 
It was observed that the barometer reads 760 mm. at sea level and 667 mm. 
at the top of the mountain. Assuming the average density of air to be I:24 
gm.|lt. and density of mercury to be 13:6 gm./c.c, calculate the height of the 
mountain, 


Solution: Let the height of the mountain be H cm. Pressure of a 
column of H cm. of air=Pressure of a column of (76—66°7 )=9°3 cm. of 
mercury. 

or HxYl24x10?xg—9:3x136xg [^ 1°24 gmjlt. 

=1:24x 10? gm./c.c. ] 
B= PSXAS 6 cm.—102x 10° cm.—1020 m. 


10:24. Measurement of pressure of a confined volume of air. 


or, 


Instrument used for measuring the pressure of a confined volume of air 
( or of any gas ) is known as manometer or pressure gauge, For measure- 
ment of pressure which differs from the atomspheric pressure only by a 
small amount, an open tube manometer is used. This consists of a 


(a) 
Fig. 10:26 : Open tube manometer 
U shaped tube, open at both ends and containing a liquid, usually mercury 


[Fig. 10:26]. One end of the tube is connected to the vessel containing 
air, while the other end is open to the atmosphere. 
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At first, let us assume that the pressure of air Pin the vessel is greater 
than the atmospheric pressure >. The liquid then rises to a greater 
height in the open limb [ Fig. 10°26 (a) ]. 

We now consider a point-A inside the liquid in the open limb and lying 
on the same horizontal level as C, the surface of the liquid in the closed 
limb. Then, since the pressure at all points at the same horizontal level 
in a liquid at rest isthe same, the pressure at the points C and A must be 
equal. Thus, 


Pressure of confined air— Atmospheric pressure + Pressure due to liquid 
column AB. 


or, P=Py+ pgh' ue hj (10°16) 


If the pressure of air in the vessel be less than the atmospheric pressure, 
liquid rises to a greater height in the closed limb [ Fig. 10:26 (4) . We 
then similarly get 

. P=P,—pgh aif dp (10:17) 

The manometer thus gives the pressure 
difference, but not the absolute pressure of 
the gas. 

When the pressure of air in the vessel is small, 
a closed tube manometer is used. One end of 
the U-tube is then sealed, the space above the 
manometric liquid in that limb being evacuated 
and the other limb is connected to the vessel 
[Fig.1027]. If ^ be the difference in height 
between the liquid columns in the two limbs, 
the pressure of air in the vessel is then given by 


Fig. 10:27: Closed-tube P=hpg 
Large ^ P being the density of the manometric liquid. 


` 10:25. Siphon. 


Let us consider the behaviour of an inverted U-tube containing a liquid 
and having one limb shorter than the other ( Fig. 10:28 ]. The shorter 
limb is dipped into a liquid contained in an open reservoir. It is found 
that the liquid from the reservoir continues to run out of the longer limb 
until the level of the liquid in the reservoir falls below the end of the short 
limb. Such an arrangement is said -to constitute a siphon. To start the 
siphon, it must first be filled up with the liquid, 


For understanding the working principle of a siphon, let us consider two 
points B and C on the same horizontal plane in the upper portion of the 
limbs. Let the atmospheric pressure=P, the vertical height of the point 
B above the surface of the liquid in the reservoir=h,, the vertical height 
cut point C above the open end D of the tube=h,, the density of the 
Tiquid p. 1 
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Thus, the pressure at B=P—pgh, and the pressure at C— P— pgh;. 

Now since h>, the pressure at B>the pressure at C. Hence there 
is a resultant pressure tending to drive the liquid 
from the point B to C, As the liquid moves 
from B towards C, the vacancy created is filled 
up by atmospheric pressure forcing more liquid 
into the tube from the vessel. A continuous flow 
through thesiphon thus takes place. From the 
above discussions, it is easy to formulate the 
following conditions for the working of siphon : 

(i) The siphon would work till the level of 
the liquid in the reservoir falls below the end A 
of the siphon arm dipped in liquid. 

(ii) The vertical height (h) of the shorter 
limb above the liquid surface should not be 
greater than the barometric height for the liquid used ; otherwise the 
atmospheric pressure will not be able to raise the liquid to the point B. 

(ii) The height h, should always be greater than the height /4; 
otherwise the pressure at B will not be greater than the pressure at C and 
the siphon will cease to operate. 

(iv) The siphon does not function in vacuum because due to absence 
of atmospheric pressure, the force Pushing the liquid up the tube is non- 
existent and hence there would be no flow. 

The principle of siphon is utilised in automatic flushes often fitted in 
latrines. It is also used in transferring liquid from one vessel to the 
other when it is not desirable to disturb the whole volume of the liquid or 
when the simple method of pouring is impossible. 


Fig. 10:28: Thesiphon 


Example 10:25. 4 liquid of specific gravity 1'7 is contained in a tank of: 
height 25 ft. Calculate the minimum height for which it is just possible by 
siphon action to bring the liquid Out of the tank (atmospheric pressure — 30" 
of Hg.). 

Solution: Let the height of the liquid level from the bottom of the tank 
he A ft. Hence, the difference in the liquid level and the upper edge of the 
tank=25 - h=H (say). The maximum value of H for which siphon action 
would be just possible is that when the pressure of the liquid column of 
height equals the atmospheric pressure. 

Hx17xg-129x13:'6xg ; or, H=20 ft. 
required minimum height of the liquid level=5 ft. 
10:26. The Lift Pump, j 

The lift pump depends for its action on the pressure exerted by the at- 
mosphere and can be used for raising water to any desired height. The 
pump consists of a vertical cylinder A, called the barrel, within which a 
piston P plays smoothly [Fig. 10°29]. The piston is made air-tight with a 
collar of soft leather or rubber strip. A pipe C is attached to the bottom 

* P-I/18 
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of the barrel connecting it with the reservoir from which water is to be 
pumped out. Near the top of the barrel, a delivery tube D is joined 
through which water flows up out 
ofthe pump. The pump contains 
three valves V;, Va and Vs, all of 
which open upwards. The valve V, 
is at the foot of the barrel, V; is on 
the piston and Vj; is at the junction 
of the delivery tube and the barrel. 


Action: The action of the pump 
is described in the following two 
steps— 

(i) The upstroke—As the piston 
moves upwards, the air-pressure 
below it is reduced and so- the 
atmospheric pressure acting from 
above closes the piston valve V;. 
- ; At the same time, the pressure 

(a) (b) within the barrel just below the 

Fig. 10:29 : The lift pump piston being reduced, the resulting 

greater pressure of air in the tube C opens the valve V; and atmospheric 

pressure ( P, acting on the surface of the water in the reservoir, gradually 

forces the water up the pipe and through the valve V; into the barrel) 

[Fig. 10°29 (a)]. The valve Vs is also opened at the same time and air 

(in later strokes, water) is driven through the delivery tube. This process 
continues until the piston reaches the top of its motion. 

(ii) The down stroke—When the piston moves down, the resulting in- 
crease in pressure within the barrel below the piston closes the valve Vi, 
but opens the valve V;, forcing water up through it [ Fig. 10°29 (b) ] in the 
space above the piston. 


A few repetitions of the above two strokes result in a sufficient accumu- 
lation of water in the barrel in the space above the piston. At the next 
upstroke, water is forced into the delivery tube through the valve V;. In 
the following down strokes, the pressure of water in the delivery tube keeps 
the valve V; closed. The pump thus produces an intermittent discharge 
of water ; water flows out of the delivery tube during the upstrokes only. 

Limitation — Atmospheric pressure is approximately equivalent to that of 
a 10 m. water column. Since water is forced into the barrel by atmospheric 
pressure, the piston must not be above this height i.e, 10 m. from the 
water-level in the reservoir. In practice, it is usually arranged to be not 
more than 7 m. above the water level, 

When it is not necessary 
connected to the barrel in 
dispensed with. The pum 


to lift water to a large height a simple spout is 
place of the delivery tube and the valve V; is 
P is then called a common pump or suction pump, 
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which is widely used in tubewells. The principle of action remains the 
same. Obviously, this pump can not raise water above a height of 10 m. 
from the water level of the source. 


10:27, The Compression Pump. 

This type of pump is used for compressing air into a closed container, 
called the receiver. It consists of a cylinder or barrel A, in which an air- 
tight piston P works (Fig. 10:30]. The piston and the end of the barrel 
contain valves V, and V, respectively, both of ; 
which open towards the receiver, R. 'There is a 
stopcock C provided at the mouth of the receiver, 
which may be closed when the desired amount of 
compression is attained. 


Action—When the piston is moved outwards, 
the pressure of air in the barrel below the piston 
decreases ; the valve V, is closed by the pressure of 
air in the receiver and the valve V; is opened by the 
atmospheric pressure. Air thus rushes into the 
barrel which is therefore, filled up with air at the 
atmospheric pressure. This stroke is called the . 
suction-stroke. 


When the piston is next moved inward, the 
air within the barrel between the two valves gets 
compressed. Thus, the pressure in this region 
becomes higher than the atmospheric pressure. The ^ rig 10.30. The com- 
valve V, is at once closed and V, is opened, and pression pump 
some air is forced into the receiver. This stroke is known as the 
compression-stroke. Repetitions of the above two strokes force more and 
more air into the receiver. The air inside it gets compressed and its 
density increases, The bicycle pump and football pump are common 
examples of the compression pump. 

Determination of the degree of compression ; ; 

The degree of compression after the piston has executed ^ complete 
strokes ( one complete stroke means.one upstroke and one downstroke ) is 
determined by the pressure or density of air in the receiver. To calculate 
this, let 

The volume available within the receiver, the connecting tube and the 
part of the barrel upto the valve V,—V. 

The additional volume available when the piston reaches the end of the 
upstroke —v 

The initial pressure of air within the receiver=P 

=The atmospheric pressure 

When the piston completes the first upstroke, air at pressure P occupies 

both the volumes V and v. At the end of the next downstroke, this air is 
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compressed to occupy the volume V. Let the pressure of this compressed ai? 
within the receiver be P;. Assuming that temperature remains constant, 
we obtain from Boyle’s law [ vide Art. 16°2 ]. 

PWV=P(V+y) 


P=P( 1+ 4) 


When the piston completes the second upstroke, air at pressure P occu- 
pies the volume v but the volume V remains filled up with air at pressure 
P, As the piston completes the subsequent downstroke, air within the 
volume v is forced into the receiver. So ifthe pressure of air within the 
receiver at the completion of this second complete stroke be Ps, then we 
have, 

P.V=Pv+P\V 


Py=P +P, =P(1+27) 


Hence at the end of n complete strokes, the pressure of air within the 
receiver becomes, 


P,=P(1+n7 "x 45 (10°18) 


We shall see later that the density of a gas at constant temperature 
varies directly as its pressure (cf. Art. 16:13). Henceif D, be the density 
of compressed air within the receiver after n complete strokes and D be the 
density of air at atmospheric condition, we have 

= v * je 
D,=D|1+n >-) "- r (10:19) 


Example 10:26. Air is forced into a vessel by a compression pump the 
barrel of which is 4 of the volume of the vessel. How many strokes will 
increase the pressure inside the vessel from one to three atmospheres ? 


Solution: Here, P=1 atmosphere. 
P,—3 atmosphere. 


yu 
and y = 20 
We have from eqn. (10°18), 
Ws y 
Py=(1+n2-)P 


or, 3=( Lao ]*t! n—40 
Hence, 40 strokes will be needed. 
10:28. Vacuum Pump. 
The device used to evacuate air out of a closed vessel is called a vacuum 


pump or an exhaust pump. Though various types of vacuum pumps are in 


use, we shall describe only two, viz, (i) the piston pump and (ii) the rotary 
pump. ; 
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(i) Piston Pump, This type of vacuum pump works on identically the 
same principle as the lift pump. The pump consists of a metal cylinder or 
barrel B, within which an air tight piston P can move freely [Fig. 10°31]. A 
valve V, opening outwards is fitted in the 
piston. The barrel is connected by a tube 
T to the vessel C containing air which is to be 
evacuated. Another valve V, also opening out- 
wards is placed at the joint of the pipe and 
the barrel B. The two valves are made as 
light as possible ; generally oiled silk is used. 
To indicate the pressure in the vessel, a mano- 
meter may be conneeted to the pipe T. 


In the upstroke i. e., on raising the piston, 
the pressure of air inside the barrel below the 
piston, gets lowered. à The valve V, becomes Fig, 1031: The piston 
closed due to the higher pressure above it. type vacuum pump 
The pressure of air in the vessel C and the 


tube T raises up the valve V»,.and some air enters the barrel through this 
valve. In the down stroke i.e., when the piston descends, the air below it 
is compressed and thereby its pressure rises. The valve V», therefore, closes 
and as the pressure goes on rising, it ultimately exceeds atmospheric 
pressure whereupon the valve V, opens. Some air then escapes into the 
atmosphere. Repetitions of the above two Strokes produce continuous 
sucking out of air from the vessel, until the air inside it is too rarefied to lift 
the valve V;. Pressure in the vessel can be reduced by this type of pump 
to about 1 or 2 mm. of mercury. i ; 

Obviously, the action of this pump is intermittent. To produce conti- 
nuous action, two such pumps joined by a common tube to the vessel con- 
taining air, are used simultaneously. The pistons of them are so connected 
that while one goes down, the other moves up. This type of pump is known 
as the double-barrel pump. 

Determination of the degree of exhaustion : 

The degree of exhaustion is determined by tbe pressure or density of air 
remaining in the vessel C, To calculate this, let 

The volume available within the vessel C and the connecting tube T— V. 

The additional volume available when the piston reaches the end of the 
upstroke=y. 

The initial pressure of air within the vessel C=P. 

When the piston completes the first upstroke, air within the volume V 
expands and occupies the total volume (V+y). Hence its pressure decreases 
and becomes, say, P}. Assuming that no change in temperature takes place, 
we have from Boyle’s law, 


P, (Vy) —PV 


y | 
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At the end of the next down stroke, air within the volume v escapes but 
the air inside the vessel C and the connecting tube remains at. the. pressure 
Pı. When the second upstroke begins, this air will expand and ultimately 
again occupies the volume ( V+v). Its pressure will then again decrease 
to a value, say, P. Then from Boyle's law, 

Py (V-Ey)- BV 


GEN ^y ME y \ 
Phi AA | rcs] 
Thus at the end of m complete strokes, the pressure of air within the 
receiver becomes 


P,=P( ya). I bte — . (1020) 


The value of ( n J'can never be equal to zero. Hence this eqn. 


shows that complete vacuum within the vessel C can not be achieved in 
practice however large the number of strokes may be. 


If D, be the density of air remaining within the vessel C after » com- 
plete strokes and D be the initial density, then since the density ofa gas at 
constant temperature varies directly as its pressure, we have 

p pes : 
D,=( Ps } 5s e —— (1021) 

(ii) Rotary Pump : At present most vacuum work is done with this 
type of pump. In this pump, a certain volume of gas at the existing 
Pressure in the vessel to be evacuated is trapped by the pump, compressed 
and then ejected to the atmosphere through an-exhaust valve. A cylindri- 
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Fig. 10:32: Rotary pump 
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cal pump barrel with its axis horizontal lies in a small tank of oil [ Fig. 
1032]. From near the top of the barrel, a pipe P leads out to the vessel to 
be evacuated. This is known as the intake pipe. A horizontal cylinder R, 
called rotor, rotates about its own axis within the barrel, the two being in 
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close contact at the top of the pump. The axis of the rotor does not 
coincide with that of the barrel. The rotor is driven electrically bya 
motor with the help of a shaft (not shown in the figure) passing through the 
side of the tank. The air is collected and driven out by a blade DD’ 
attached to R and hence rotating with it. The ends of the blade are 
pressed against the side of the cylinder by dividing it into two parts and 
placing a compression spring S in between them. Air escapes from the 
barrel through the tube T fitted with a valve V which opens outwards. 


The figures show the successive stages of operation of this type of pump. 
In the stage (a), as the rotor turns, some amount of air 4 flows down the 
intake to the barrel. In the next stage (b) this air A has been trapped and 
is getting compressed, while more air, B flows down the intake. With 
turning of the rotor, the air 4 gets more and more compressed till the valve 
V opens under its action and the air then escapes through the outlet T 
[stage (c) ]. At this stage, the air B gets entrapped, while more volume of 
air, C, enters the barrel through the intake. As these cycles are repeated, 
the vessel gets quickly evacuated. The system is submerged into oil to 
prevent the leakage of air into the barrel. These pumps can quickly reduce 
the pressure to as low as a hundredth of a millimetre of mercury. 

For obtaining still higher vacuum, a diffusion pump is used. With these 
pumps, the pressure can be reduced to an exceedingly low value of about 


107* mm. of mercury. The discussion of the principle of such pumps is 
beyond the scope-of this book. 


Example 10:27. Air is evacuated from a vessel by a vacuum pump, the 
barrel of which is 4 of the volume of the vessel. How many strokes will de- 
crease the pressure inside the vessel from one to 24% atmosphere ? 


Solution: Here, P—1 atmosphere 


P,= ze atmosphere 
and 7, ——. or, pti Le TA y -£ 
Now, we have from eqn. (10:20), - 
Ps zl pa y ) "P 
or, 25 -(2] x1 S4 ne 


Hence, 3 strokes will be required. 
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@ EXERCISE @ 


[A] Essay-type questions 


l. Define specific gravity. How is it related to density is different systems of units ? 


What is the difference between ‘density’ and ‘specific gravity’? Show that relative density’ 
and ‘specific gravity’ are equivalent, 


The specific gravity of cane Sugar is 1:59. What is its density in gm. per. cc, and in Ib. 
per cu. ft ? 


Why in the definition of specific gravity, water is taken at 4°C ? 


2. Deduce the expression for the pressure at a point within a liquid at rest. Show that— 
(a) it is same in all directions at a point inside a liquid, (b) it is same at all points at the same 
horizontal level. 


3. Distinguish between pressure and thrust as applied to a fluid. Calculate the thrust on 
a plane surface immersed in a liquid. 


What do you mean by ‘hydrostatic paradox’? How is it expl 
liquid at rest always remains horizontal —]Justify the statement by 
from which this follows as a corollary, 


4. State and explain Pascal’s law. How can you apply this | 
cation of force? Explain how does a hydraulic brake operate, 

5. Describe with a neat diagram ‘hydraulic press’ and explain its action. 
mechanical advantage and mention some of its application, 

In a hydraulic press a given force is multiplied many times, 

of conservation of energy ? 
^ 6. What are meant by ‘buoyancy’ and ‘app: 
immersed with its upper surface parallel to the 
buoyancy acting on it is due to the difference j 
the bottom surfaces of the cube, If the cube i 
then does the force of buoyance acti iti 


ained? Free surface of a 
enunciating the principle 


aw for obtaining multipli- 
Calculate its 
Does this violate the principle 


arent weight of a body’? A cube remains 
Surface of a liquid. Prove that the force of 


7. Whatis buoyancy? On wh 
experimentally your answer ? 


Prove that for a body immersed part] 
equal to the weight of equal volume of t 


9. How can you determine the amounts of diff i i 
Aves RE ifferent metals in an alloy by applying 


block which floats in water, What will happen 
L4. I. T, 76] 
y falling lift? Explain, Does this principle 
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Why does an ordinary balloon rise to the ceiling when filled with hydrogen, but drops on 
the floor when filled with carbon-di-oxide ? 

11. What are the conditions of equilibrium of a floating body ? Define ‘meta centre’, 
Show how its position determine the stability of floatation of a body. 

Explain why goods are loaded in the lower deck of a ship. A ship which just floats in the 
Bay of Bengal sinks when it enters the Ganges—Why ? 

12. Discuss the action of a submarine. Sometimes a submarine which sinks down to a 
sea-bed of sand or clay can not raise itself again, Explain. 

When a piece of nail is immersed in mercury and then released, it floats up. Will this 
happen in outer space ? Give reasons for your answer, 

A solid wooden cylinder is placed in a container in contact with the base in such a manner 
that when water is poured into the container, no water can go beneath the solid. Will the 
cylinder float up ? Give reasons for your answer. [ H. S, '83] 

13. Whatis meant by *atmospheric pressure' ? What is a standard atmospheric pressure ? 
Briefly explain why it is necessary to mention the temperature, latitude and height relative to 
sea level in this definition. 

Calculate the magnitude of the atmospheric pressure in bar from the following data : 
barometric height=76 cm, of Hg., £—981 cm./sec*, density of Hg—13:59 gm.[c.c. 

14. Describe Torricelli’s experiment to prove that air exerts pressure. What is Torricelli’s 
vacuum ? Is it really a vacuum ? 

In performing a Torricelli’s experiment, it was suspected that- some quantity of air has 
entered in the space above the mercury column. How do you ascertain whether it was really 
so? Could the correct value of the atmospheric pressure be determined with this barometer ? 

15. Describe a Fortin’s Barometer and explain its working principle. Why a thermo- 
meter is always attached to it ? Does the reading of this barómeter change if its tube does not 
remain in the vertical position ? How does the reading of a batometer change if it is within a 
vessel from which air is sucked out by an exhaust pump ? 

16. Describe the functions of a closed tube manometer and an open tube manometer. 

Show that the former gives the absolute pressure of the confined volume of air, while the 
latter indicates the pressure difference of the confined air with the atmospheric pressure. 

What is the working principle of an aneroid barometer ? 

How is it used as an altimeter ? 

17. What isa ‘siphon’? Explain its action, What conditions must be fulfilled for work- 
ing of a siphon? State some of its uses. - 

Can a liquid be raised to a vessel placed at a higher level with the help of a siphon ? 
Explain why water in the bottom of a floating boat cannot be siphoned over the side. Cana 
siphon work in the moon ? 

A small hole exists on the longer arm of a siphon. Show that whether the siphon will 
function or not is determined by the location of the hole, 

18, Give a sectional diagram of a lift pump and explain its action. Can the pump draw 
from any depth? Explain. 

19, Explain the action of a compression pump, Obtain the pressure and density of air 
within the receiver after the end of n-complete strokes, 

20. (a) Explain the construction and working principle of a vacuum pump of piston type, 
Mention the highest limit of vacuum that it can produce, Determine the degree of exhaustion 
of this pump. 

(b) Describe the different parts of a rotary pump and explain its working principle. 
Mention the highest limit of vacuum that it can produce. To get still higher vacuum, which- 
type of pump should be used ? 


[B] Short answer type questions. 


ej What are meant by real weight and apparent weight ? Which one of them is larger 
and why ? 

2. Aflatdisc, a cube and a sphere, all made of irom and having the same mass, are 
immersed completely in water. Which one of them will experience the minimum buoyancy ? 
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3. Why is it necessary to make the dam of a water reservour thicker at the bottom than 
at the top ? LH. S. '82) 

4. (a) ‘A floating body apparently loses its whole weight'—Explain. 

(b) If when floating in water you take a deep breath, will you float with more or less of 
your body out of water? Explain. 

5. A boy is carrying a bucket of water in one hand and a fish in the other, Is the weight 
carried by him less when he transfers the fish to the bucket without spilling any water during 
the transfer ? p. I. 7.70] 

6. A bucket of water is suspended from a spring balance. Does the balance reading 
change when a piece of iron suspended from a string is immersed in water? If the string 
snaps, the iron piece will drop down to the bottom of the bucket. Will the reading of the 
spring balance then increase or decrease further or remain the same. 

7. A wire cage in which a bird is sitting is weighed by a spring balance. Will the measur- 
ed value of the weight be the same when the bird is flying inside the cage ? Give reasons for 
your answer. e : ELIT] 

8. Agas balloon rises upwards gaining both kinetic and potential energy. Does this 
imply a violation of principle of conservation of energy ? Give reasons for your answer. 

9. A glass bulb is balanced by a brass weight in a sensitive beam balance. State what 
will happen when the balance is covered by a ball jar which is then evacuated, Explain. 

Ir. 72] 

10. (a) How do you account for the facts that one kg, of cotton appears to be lighter than 
one kg. of lead ? ; 

(b) Why is it easier to move a heavy stone when immersed in water ? E 

(c) Two identical spheres, one solid and the other hollow, are immersed completely in a 
liquid, Which one of them will experience greater upward thrust ? 

(d) A balloon weighs same when empty as when filled with air at atmospheric pressure 
—Why? Will the observation be similar if the weighings are done in vacuum ? 


11. A balloon filled with air is weighted so that it 
barely floats in water as shown in figure, Explain, why it 
sinks to the bottom when it is submerged a short distance in 
water. ~ LL. T. 73) 


12(i) Give reasons : 

(a) It is easier to swim in sea-water than in the water of a river, 

(b) Aship made of iron floats in water but a piece of nail sinks, 

(c) A body may be cut into pieces easily with the sharp edge of a knife but not with its 

blunt edge. 

(ii) Explain why a uniform wooden stick which will float horizontally, if it' is not loaded 
will float vertically if enough weight is added to one end, [ Jt. Entrance '72] 

13. A boat floating in water tank is carrying a number of large stones. If the stones are 
unloaded into water, what will happen to the water-level ? LLL T. 79] 

14, Ifthe atmospheric pressure changes, will the rate of flow of liquid through a siphon 
undergo any change ?. Explain your answer. 

15. A beaker containing water is placed on the pan of a balance which shows a reading of 
M gms. A lump of sugar of mass m gms. and volume Vc.c. is now suspended by thread in 
such a way that it is completely immersed in water without touching the beaker and without 
any overflow of water. What will be the reading of the balance just when the lump. of 


sugar is immersed ? How will the reading change as time Passes on ? (LE. 7.778 ): 


oN 
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16. What would you conclude if you observe that— 

(a) The height of the mercury column of a barometer is steadily increasing. 

(b) The height of the mercury column decreased abruptly, 

17. (a) A block of ice is floating in a liquid of specific gravity 1:2 contained in a beaker. 
When the ice melts completely, will the liquid level in the beaker change ? (LL T. '74 ] 

(b) A piece of ice with a stone frozen in it floats on water kept ina beaker. Will the 
level of water increase, decrease or remain the same when the ice completely melts ? 


[17.73] 
18. Discuss the conditions under which it becomes safer for a vessel floating on water to 


take in more goods and load than to get rid of loads. [ Jt. Entrance '74 ] 
19. Ahollow glass sphere, containing atmospheric air, is weighed in air by a balance. 
The sphere is then broken and the broken pieces are carefully collected ( none being lost ) and 
again weighed in air. Would there be any difference inthe two weights? Give reasons for 
your answer. T Jt. Entrance '74 | 
20. A man, sitting on a boat floating in a pool, drinks some water frem the pool, so that 
water level of the pool gets down a little, Is it true ? Explain witli reasons, FERT *80 ] 
21. Two vessels are of identical volume. Both are filled with water upto the brim, but 
in one of them, a block of wood is floating. Can you guess which vessel has greater weight ? 
Justify your answer. 
22. A piece of cork is floating on water ina beaker. The beaker is placed in a closed 
vessel and the air inside the vessel is compressed. Will the cork sink down or float up further 1 


[C] Simple Problems 


l. Acid in the car battery (accumulator) has specific gravity 1-285 and contains 38% 
H,SO, by weight. Find the amount in gm. of H,SO, in a litre of battery acid. (Ans, 488:3 gm.) 
2. Ice, of mass 19:35 gm, floats in water in a beaker. Find the volume of the water 
formed when ice melts, By what fraction ice contracts on melting? Is water level affected by 
the melting ofice? Given, sp. gr. of ice—0-9. [ Ans." 19:35 c.c. ; 0:1, No] 
3. A glass capillary tube weighs 4:576 gm. A thread of mercury is drawn into the tube 
which then weighs 4:925 gm. The length of the mercury thread as measured by travelling 
microscope is 3-435 cm. Assuming the capillary bore to be uniform, find the diameter of the 
bore. Given, sp. gr. of Hg— 13:6. [ Ans. 0:9757 mm. ] 
4. A bottle contains 90 gm. of sulphuric acid of specific gravity I-8. If 90 gm. of water 
is added to it, what should be the contraction in volume ? Given that the specific gravity of 
the mixture is 1:5. [ Ans. 20 c.c. or 4 of its original volume ] 
5. An alloy containing 80 paris of tin and 15 parts of antimony by weight weighs 190 
gm. Find the volume of the alloy, given that specific gravities of tin and antimony are res- 
pectively 7:3 and 6:6. [ Ans. 26:465c.c.] 
6. A bottle contains one litre milk whose mass is 1032 gm. The milk contains butter- 
fat to the extent of 4%by volume. What is the density of the ‘fat-free’ skimmed milk if the 
butter fat has specific gravity 0-865 ? [ Ans. 1:04 gm.[cm. } 
7. A plateis coated with a thin layer of tin of thickness 10 millionths of acm. How 
many square metres can be coated with 500 gm. of tin of specific gravity 7:3 ? 
[ Ans. 685 mè. ] 
8. The densities of three liquids are in the- ratio3:4:6. What ratio will be sustained 
by the densities of mixtures obtained by combining them in (a) egual volumes (b) equal 
weights ? [Ans. 433:4] 
9. A vertical water pipe in a house provides a pressure gauge at the ground floor, When 
the gauge registers reading of 3 kg./cm.*, at what height would water rise in the pipe ? 
[4ns. 30m.] 
10. Atthe vertical surface of a barrage, a hole of area 200 sq. cm. is found 2:5 m. below 
the water surface. What force is necessary to hold in position a light board used as a stop ? 
` [ Ans. 50 kg. wt. 
11. A cubical tank having each side 2 m. is filled with water. Calculate the force on the 
bottom and the force on a vertical side. [ Ans. 8000 kg. wt. ; 4000 kg. wt, ] 
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12. To what height should a cylindrical vessel be filled with a liquid so that the total force 
on the vertical surface of the vessel is equal to the force on the bottom ? 
i [ Ans. height =radius of the vessel. ] 
13. A uniform U-tube is half full of water. Paraffin of specific gravity 0°83 is poured into 
one limb until the water rises by 5 cm. in the other limb. What height of paraffin is poured 
in? [ An}. 12:05 cm. ] 
14. A U-tube of which the diameter of the left limb is one-fourth of that of right limb 
contains some mercury. A column of water 35 cm. high is poured into the left limb. (a) How 
far the level of mercury inthe right limb rises ? (b) How far the level of mercury in the left 
limb drops? (c) BY what height will the level of mercury in the left limb rise, if a column 
of water of same height is poured in the rightlimb ? Sp. gr. of mercurys 13:6. 
[ Ans, (a)0:1515 cm. (b) 2:423 cm. (€) 2:423 cm. ] 
15. A vertical U-tube of uniform bore and limbs of equal length has mercury poured into 
it until each surface is 30 cm. from the open end. The-limbs are then completely filled with 
water and kerosine oil respectively. Find the lengths of water and kerosine column. Given, 
sp. gr. of kerosine=0'8, of mercury — 13:6. [ Ans, 30:236 cm. ; 29-764 cm. ] 
16. A bottle is completely filled with oil and corked. If the diameters of the neck and 
bottom of the bottle be one-half inch and 3 inch respectively, calculate the thrust on the 
bottom when the cork is pressed with a force of 5 Ib.wt. { Ans. 180]b. wt.] 
17. The diameter of the smaller piston of a hydraulic press is 1 inch and that of the larger 
one is 1 foot. Calculate the thrust developed on the larger piston when a force of 56 Ib. is 
applied on the smaller one. The cross-sections of the pistons are circular. 
[ Ans. 8064 1b. ] ( H. S. 71 comp.) 
18. A solid sphere weighs 66 gm. in air, 41 gm. in water and 44 gm. in turpentine. Find 
(a) the volume of the sphere, (b) the specific gravity of its material and (c) specific gravity of 
turpentine. [ Ans. (a) 25 c.c. (b) 2°64 (c) 0:88 ] 
19. A stone weighs 400 gm. in air and appears to weigh 300 gm. in water. What will it 
appear to weigh in (a) paraffin (sp. 8r. 0:8) and (b) brine (sp. gr. 1:1)? : 
: [Ans. (a) 320 gm. (b) 290 gm. ] 
20. A man can support 77 kg. of iron in water. How many kg. of (a) iron, (b) lead can 
he support in air and (c) also of the latter in water? Given, sp. gr. of iron 777, of leade 11:4. 
[ Ans. (a) 67 kg., (b) 67 kg., (c) 73°45 kg. ] 
21. Anornament is'suspected to be hollow. It weighs 288:75 gm. in air and 258775 gm. 
in water. If the specific gravity of the material of the ornament be 10:5, calculate the volume 
of the cavity of the ornament. [H. S. 69 ( Ans. 2:5 c.c.) ] 
22, A piece of sugar weighing 48 gm. is coated with 7-60 gm. of wax of specific gravity 
0:95. If the coated piece weighs 17°60 gm. in water, find the specific gravity of sugar. 


Ans. 16) 
23. A block of wood weighs 22:4 gm. in air. A piece of aluminium weighs 10:3 gm, in 


water. The wood piece is attached to the aluminium piece 2nd both together weighs 47 gm. 
in water. What is the sp. gr. of wood ? [Ans. 08] 

24. Aspecific gravity bottle completely filled with water, mercury and with copper sul- 
phate solution weighs respectively 45 gm , 297 gm. and 49 gm. Calculate the density of the 
solution, that of mercury being 13:6 gm lc. c. (H. S. 1960 ) [ Ans. 1:2.gm./c.c ] 

25. A piece of cork weighing 19 gm. is attached to a bar of silver whose weight is 63 gm. 
and the combination is found to just float in water. Find the specific gravity of cork, assum- 
ingthat of silver to be 10:5. Calculate also the weight of the combination in a liquid of 


specific gravity 0:8. - Da (CH. S °67)[ Ans. 0°25; 16:4 gm. ] 
26. A block floats in a liquid with 0:2 of its volume exposed and in water with 01 of its 
volume exposed. Find the density of the liquid. [ Ans, 1125 gm,/c.c. ] 


27. A buoy of volume 1000 litre and weighing 950 kg. is fully immersed in sea-water of 
sp. gr. 1 02 being anchored to the sea-bottom by a chain. What is the-tension in the chain ? 
( Ignore the weight of the chain ) [ H.S. '63 (comp) ] ( Ans. 70 kg. wt. ] 
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28. The material of a balloon weighs 100 gm. It is filled with hydrogen at atmospheric 
pressure. If the volume of the balloon is 100 litre, calculate the tension in the cord with 
which the balloon is attached to the ground. Given, density of air at atmospheric pressure= 
1:29 gm /It., density of hydrogen at atmospheric pressure=0°09 gm./It, [4ns. 20 gm. wt.) 

29. A gold ring fitted with a stone weighs 5 gm. in air and 4:25 gm. in water. The 
specific gravities of gold and stone åre 193 and 2:5 respectively. Calculate the amount of 
gold in the ring. [ Ans. 3:59 gm. ] 

30. A piece of wood (sp. gr. 0:8) and a piece of metal (sp. gr. 9) are bound together. If 
the combination neither floats nor sinks in a liquid (sp. gr. 1:2), calculate the ratio of the 


masses of the metal and wood. [ Ans. 26:15] 
31. A cork of density 0°8 gm./c. c. is taken under water and then released, Show that it 
will come up with an acceleration g/4. [ H. S. ( Comp ) '65 ] 


32. The external and internal diameters of a hollow spherical ball are 4 cm. and 3 cm, 
respectively. It is found just to float in water. Find the density of the material of the ball, - 
[ Ans. 1:73 gm,/c.c. ] 


33. Calculate the area of the smallest block of ice. 2 feet thick, floating in fresh water 
that will just support a man weighing 150 Ib, (sp. gr. of ice—0:9). [ Ans. 12 sq. ft, ] 
34. Lead shot is added to a uniform test tube until it floats upright m a liquid of density , 
1-1 gm./c.c. If the tube has cross-section 2 sq. cm. and it sinks to a depth of 11 cm., what is 
the weight of the tube and the shot? To what depth would it sink in a liquid of density 
0:8 gm./c.c. [ Ans, 24-2 gm. ; 15:125 cm. ] 
35. A tank containing oil of specific gravity 0:8 rests on a weighing machine and weighs 
5kg. A cube of aluminium of side 5 cm. and specific gravity 2:7, is supported by a spring 
balance and completely immersed in the oil. Find (a) the reading of the spring balance and 
(a) the reading of the weighing machine. [ Ans. (a) 237:5 gm. (b) 5'1 kg. ] 
36. A barometer reads 760 mm. at the ground floor of a tall building 102 m. high. What 
will it read at the top of the building ? (Take average density of air to be 1:24 gm./It. and 
density of mercury to be !3:6 gm./c.c.) [ Ans. 750:7 mm. J} 
37. Itis required to siphon gasoline (sp. gr.=0-7) over an obstacle, What must be the 
limiting height of the obstacle which will render siphoning just possible ? ( Atmospheric 
pressure=76 cm. of mercury }, [ Ans. 1477 m.] 
38. A lift pump is used to pump oil of sp. gr. 0*6 from a lower into an upper tank. What 
is the maximum possible height of the pump above the lower tank when atmospheric pressure 
is 30 inches of mercury ? [ Ans. 56°67 ft. ] 
39. The receiver of a compression pump ‘has ‘volume 25 times of that of its barrel. How 
many strokes will be needed to increase the pressure inside the receiver from 1 to 5 atmospheric 
pressure ? [ Ans. 100] 
40. If the volume of the barrel of a vacuum pump is one-third of the volume of the vessel 
to be exhausted, what fraction of the initial pressure will remain in the vessel after 5 strokes.? 
[ Ans. 0:237] 


41. A verlical U tube of uniform inner cross-section contains mercury 
in both its arms. A glycerine (density 1:3 gm./c.c.) column of length 
10 cm. is introduced into one of the arms. Oilof density 0:8 gm./c.c is 
poured into the other arm until the upper surfaces of oil and glycerine 
arein thesame horizontallevel as shown inthe figure. Find the length 
of the oil column. Density of mercury is 13:6 gm./c.c. 

(LI. T. 72) [ Ans. 9:61 cm. ] 


42. A piston of cross-sectional area 100 cm? is used in a hydraulic press to exert a force 
of 10' dyne on water, What is the cross-sectional area of the other piston which supports a 
truck having a mass 2000 kg ? U. I. T.'72 (Ans. 1:96 m) 
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43. A balloon is descending with a uniform acceleration a (<8). Weight of the balloon 
with the busket and its contents is W. What weight o of the ballast should be released so that 
the balloon will begin to rise with the same uniform acceleratioh a? Neglect air resistance. 

" 5 2Wa 

[ Áns. vis 

44. A large block of ice 5 metre thick has a vertical hole drilled through and is floating in 
the middle of a lake, What is the minimum length of a rope required to scoop up a bucket full 
of water through the hole. Density of ice=0°9 gm./c.c. [1. I. T.°75 ( Ans. 50 cm. ) ] 

45. A balloon filled with hydrogen has a volume of 1000 litres and its mass is 1 kg. What 
would be the volume of a block of a very light material which it can just lift? One litre of 
this material bas a mass of 91:3 gm. (Density of air—1:3 gm. per litre) (L1. T.'75) 

à [ Ans. 3}1lt.] 

46. Two solid uniform spheres each of radius 4 cm. are connected by a light inextensible 
string and totally immersed in tank of water. Ifthe specific gravities of the spheres are 0:4 
and 1°8, find the tension in the string and the normal force between the bottom of the tank 
and the heavier sphere. [ Ans. 1:576 N. 0:525 N ] 

47. A cubical block of wood 10 cm. along each side floats at the interface between an oil 
and water with its lower surface 2 cm. below the interface. The heights of the oil and water 
column are 10 cm. each. The density of the oil is 0-8 gm./c.c. (i) What is the mass of the 
block? (ii) What is the pressure at the lower surface of the block ? CR T.UTI) 

[ Ans. (i) 840 gm. (ii) 10 cm. of water--Atmospheric pressure ] 

A8. A cylindrical vessel is filled with equal amounts by weight of mercury and water. The 
overall height of the two layers is29:2cm. Determine the pressure of the liquid at the bottom 
of the vessel. The specific gravity of mercury is 13*6. : [ Ans. 4cm. of Hg] 

49, Calculate the percent error arising from the negligence of the buoyancy of air in 
weighing an object of density 12 gm./c.c. with brass weights of density 8 gm./c.c. by a physical 
balance. (Density of air during the experiment=1-2 x 10-* gm./c.c. ) ( Jt. Entrance '81 ) 

[ Ans. 0:005% ] 


[D] Harder Problems 


1. The air inside a cement factory contains 2:5 x 10* dust particles (sp. gr. 3:0) per m.? of 
air. Assuming the particles to be spherical of diameter 2 micron., calculate the mass of dust 
(a) in 100 m. of factory air (b) inhaled in each average breath of 500 c. c. ( one micron 
—107 cm.) ‘[ Ans. (a) 0:314 gm. (b) 1:57x 107* gm. ] 

2. A cube of side 10 cm. weighing 880 gm. floats with its base horizontal in brine 
(sp. gr. 111 ). Find the thrust on each surface of the cube. 

s [ Ans. On base 880 gm. wt. ; on each vertical face 352 gm. wt. ] 

3. A piece of metal of mass 300 gm. and sp. gr. 7:5 is suspended by a thin string and 
completely immersed in a liquid of sp. gr. 1:2. (a) Determine the tension in the string. (b) If 
the string snaps under a load of 264 gm. wt. and the metal piece is pulled out of the liquid by 
means of it, calculate the fraction of the piece immersed when the string snaps. 

Ans. (a) 252 gm. wt. (b) 0°75 

4. A cubical tank with side 40 cm. is closed at the top. K 25 ss ed im base, ‘ E 
pipe is joined to one side of the tank. The pipe contains water upto a length of 55 cm. If the 
cross-section of the tube is 100 cm?, calculate the thrust on each side of the tank including the 
top. { Ans. 627:2 newton on top ; 1254-4 newton on bottom ; 940:8 newton on each 

; : vertical side without pipe ; 886:9 newton on vertical side with pipe. } 

E A hollow right circular cone of height A and semi angle 0 rests with its base on a 
horizantal table. Ifthe cone is filled with a liquid of density p and the weight of the empty 
cone is equal to the weight of the liquid it contains, find the thrust of the liquid on the base of 
the cone and the pressure exerted on the table. [ Ans. mph*gtan*ó :$ hpg ] 
6. Blocks of iron and lead each of mass 300 gm. are suspended respectively from two ced 
ofa common balance. Arrangements are made so that both of them hang completely immers- 
edin water. What weight must be added and in which pan to restore equilibrium ? Sq. gr. of 


Irone 79, of lead=11°4. [ Ans, 11:66 gm. should be placed over iron pan. ] 


HYDROSTATICS 275 


7. A tank containing water rests on a weighing machine which reads 40 kg. Determine 
its reading when a solid rod of diameter 6 cm. is held vertically in the water to a depth of 
50 cm. [ Ans. 41:413 kg. ] 

8. When an egg weighing 55 gm.and having volume 50 c.c. is dropped into a vessel 
containing 500 gm. of water, it sinks slowly to the bottom, How many gm. of common salt 
must be dissolved in the water to make the egg just float totally immersed? { Ans. 50, gm. 

9. A U-tube, whose ends are open, whose section is one Square inch, and whose vertical 
branches rise to a height of 33 inches, contains mercury in both branches upto a height of 6:8 
inches. Find the greatest amount of water that can be poured into one of the branches, assum- 
ing the sp. gr. of mercury to be 13:6, (London Univ.) [Ans. 27-2 cu. in. } 

10. A U-tube in which the cross-sectional area of the left limb is one-third of that of right 
limb contains some mercury, The level of mercury in left limb is 40 cm. below the upper end 
ofthe limb. By what height the level of mercury will rise in the right limb if the left limb is 
filled to the top with water ? (sp. gr. of mercury = 13:6) [ Ans. 778 mm. } 

ll. A piece of ice weighing 55 gm. floats in water in a cylindrical vessel having a cross- 
section of 25 cm*. What happens to the level of water when the ice has melted? What will 
be the difference in the result if the ice-piece is floating in brine instead of water 7 Given, 
density of brine=1-1 gm./c.c. [ Aus. No change ; rise in level by 02 cm. ] 

12. A solid floats on the boundary between two non-miscible liquids. The density of the 
upper liquid is p, ; that of the lower is pa. The density of the material of the solid is p(p, — p ps). 
What fractions of the volume of the solid will be above and below the boundary ofthe liquids ? 

[ Ans, | -PP ease | 
Pa—pi^ pa—pi 
13. Astoneof density 2:5 gm./c.c completely immersed in sea water is allowed to sink 


from rest, Calculate the depth to which the stone would sink in two seconds. Neglect the 
effect of friction. ( Specific gravity of sea water is 1:025. Acceleration due to gravity 
980 cm./sec.?) (4.1. T.'69) [ Ans. 1156 m.] 

14. A cubical block of steel (density 7:8 gm./cc.) floats on‘ mercury (density 13:6 gm.[c.c.) 
with its sides vertical. Assuming the side of the cube to be 10 em. (a) what length of the block 
is above the mercury surface ? (b) If water is poured on the mercury surface, what will be 
the height of the water column when the water surface just covers the top of the steel block ? 

(I.I. T. 1) [ Ans. (a) 426 cm. b) 4*6 cm.] 

15. A body of density d is dropped from rest inside a liquid column of depth H. If the 
density of the liquid be p, then prove that the time taken by the body to reach the bottom of 
the liquid column is given by 

2Hd 
&( =p) 

16. A body when immersed in a liquid floats with !/, of its volume above the liquid sur- 
face. This body is taken to depth of d cm, of the liquid and released, _ Show that the time of 
reaching the surface is af: ód, 

8g 

17. When equal volumes of two substances are mixed together, the sp. gr. of the mixture 
is 484. But when equal weights of the same substances are mixed together, the sp. gr. of the 
mixture is 2:28. Find the sp. gravities of the two substances. [ Ans. 8:36; 1:32] 

18. The weight of a body in air is 40 gm. The density of the body is 0°76 gm./c.c. that of à 
the counter-poising weight is 8:4 gm./c.c, and that of air is 1:293 gm.]litre. Find the true 
weight of the body. . [ Ans. 40:062 gm, ] 

19. Three ingots of equal weights consist of gold, silver, and a gold-silver alloy respecti- 
vely. Ifthe gold loses weight 14 gm, when immersed in water, the silver 26 gm., and the alloy 
18 gm., what proportion by weight of the alloy consists of gold? What is the density of the 
alloy ?. ( Density of silver 10-5 gm. per c. c.) [ Ans. 2/3 ; 15:17 gm./c.c. ] 

20. A solid cubical block of side a, made of uniform material of specific gravity s (<1), is 
held just above the water surface in a large vessel, the lower horizontal face of the cube just 
touching the water surface, Prove that when the cube sinks down so that a depth x is immers- 


t= 
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ed, the P. E. of water and the block increases by W (x?—2xas)/2as, where W is the weight of 
of the block. Show that the equilibrium position of the block when it is floating freely corres- 
ponds to a minimum value of this P. E. 

21. Two identical cylindrical vessels with their bases at the same level each contain a liquid 
of density p. The height of the liquid in one vessel is A4, and that in the other is A The area 
of either base is A. What is the work done by gravity in equalising the levels when the two 
vessels are connected ? (1.1. T,°81 ) 


[^ Ae (Ah —h, )* ] 


22. A straight plank of wood of uniform cross-section floats on the surface of water. Its 
one end is then raised above the surface by means of string attached to that end. If the specific 
gravity of wood is 0:80 find (i) what fraction of the length of the plank is immersed in that 
inclined position and (ii) the tension of the rope in terms of the weight of the plank. 

[ Ans. (i) 0°553 ; (ii) 0°31 x weight of the plank ] 

23. A rod of length 6 metres has a mass 12 kg. It is hinged at one end ata distance of 
3 metres below a water surface. (i) What weight must be attached to the other end of the rod 
so that 5 metres of the rod'are submerged ? (ii) Find the magnitude and direction of the force 
exerted by the hinge on the rod. (The specific gravity of the material of the rod is 0:5.) 

(L1.T.°76) (Ans. (i) 2:33 kg ; (ii) 5:67 kg. wt. acting vertically downwards through 

the hinge ] 


24. A uniform rod AB 4m long, weighing 240 kg. is 
supported at the end B by light inextensible rope aad weighted at 
the end A with a 120 kg lead weight. The rod floats as shown 
in the figure with one half its length submerged. The buoyant 
force on the lead weight may be neglected and the density 
of water may be taken as 1000 kg./m*. Find (a) thetension in 
the cord and (b) the total volume of the rod. 

[ Ans. (a) 40 kg. wt. (b) 0:64 m’ j 


25. A wooden plank of length 1 m. and uniform cross-section is hinged at one end to the 
bottom of a tank as shown in thefigure, Thetank is filled 
with water upto a height 0-5 m. The specific gravity of the 
plank is 05. Find the angle @ that the plank makes with the 
vertical in the equilibrium position. [ Exclude the case 0—0*] 


(I. I. T. 84) ( Ans. 45^] 


26. Two cylinders of same cross-section and length / but made of two materials of densities 
p, and p, are cemented together to form a cylinder of length 27. If the combination floats in 
water with a length //2 above the surface of water, show that if P:>P. and the density of water 
be unity, then p,>4. Show also that the equilibrium is unstable if the heavier part of the 
cylinder is at the top. [ Jt. Entrance '82 | 

27. A bucket containing water is suspended by a rope which passes over a smooth pulley, 
the polley being sufficiently small, so that the other end of the rope to which is attached a ball 
hangs inside the bucket fully immersed in water. If W/ bethe weight of the bucket plus the 
rimo in it and s(>2) be the specific gravity of the ball, show that the weight of ball 

5 


cs 


ll SURFACE TENSION 
CHAPTER 


11'1. Surface Tension, 


If a glass rod is dipped into water and withdrawn, some of the water 
adheres to the rod and may hang from its end in the form of a drop. A: 
question may arise in the mind of inquisitive students that since the drop 
is in equilibrium, what forces are balancing the downward weight of the 
drop? Obviously, some other forces must be acting on the drop. These 
latter forces are traced to be residing on the surface of the drop and is 
attributed to a special property of liquids, known as surface tension, 


A few simple but interesting experiments will help us to clearly grasp 
the nature of these forces : 


Experiment 1, A soap bubble is blown at the end of a tube. If-the 
bubble is then left to itself, it shrinks and air is driven out of the open end. 
This shows that the surface of the bubble behaves like a stretched 
membrane with a tendency to contract. 


Experiment 2. A wire ring with a piece of thread tied loosely across it, 
is dipped into a soap solution. A film will cover the whole ring and’ the 
thread will remain loose but dipped in the film [Fig. 1l:1(2). If now the 
film is broken on any side, the thread becomes taut and takes the form of 
an arc [Fig. 11*(b)]. 

No soap film 


Soapfilm No soap film 


Loose thread sac 
(a) W e a 


Fig. 111 
This observation clearly suggests that soap film is exerting a tension on 
the thread. When soap films existed on both the sides of the string, equal 
and opposite tension acting on it from both sides cancelled each other; 
as a result, the string remained loose. 
Absence of soap film on one side of the thread, led to an unbalanced 
tension along the surface, acting perpendicularly at every point of the 
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thread, as shown by arrows in the Fig. [11°1(6)]. The thread thus no 
longer remains loose and takes the shape of an arc. 


Now, if we repeat the experiment with a loop in the thread 
(Fig. 11:1(c)] and break the film inside the loop, the thread spreads out in 
a circular shape [Fig. 11:1(d)]. The surfaces of the remaining soap film 
exert tensions which act radially outward on it. 


These observations indicate that the surface of a liquid behaves at all 
times like a stretched membrane and the membrane is under tension. As 
a result, liquid surfaces always try to contract so as to possess smallest area. 
Due to this contractile property of a liquid surface, droplets of any liquid 
and soap bubbles in free state assume a spherical 
shape, because for any particular volume of 
matter, a sphere has the smallest surface area than 
any other geometrical figure. We thus conclude 
that if we imagine a line on the surface of a liquid, 
then due to its tendency to contract, the surface on 
either side of the line exerts a force on it [Fig. 11:2]. 
These forces lie in:the plane of the surface and 

Fig. 1122 act perpendicular to the line. If the surface is 

plane and extends on both sides of the line, the 

force on the line in one direction is just equal in magnitude to that in the 

opposite direction. This force per unit length of a line imagined on the surface 

of a liquid is called the surface tension of that liquid. It is usually denoted 

by T. Thus if F be the force on any side of this imaginary line AB of 
length L, 


T=FIL 
Obviously, the unit of surface tension is dyne/cm. 


11:2. Molecular theory of sufface tension, 


A qualitative explanation of the behaviour of liquid surface was put 
forward by Laplace on the basis of his concept of the sphere of molecular 
attraction. Molecules of a liquid exert forces of attraction on one another. 
These forces fall. off rapidly with increasing distances between the 
molecules. If round a molecule we imagine a small sphere, such that the 
force of attraction on this molcule by another molecule lying within this 
sphere is appreciable, then this sphere is called the sphere of molecular 
attraction with respect to the molecule under consideration. According 
to Laplace's concept, each molecule attracts (and is also simultaneously 
attracted by) other molecules surrounding it when they lie within the 
sphere of attraction of the molecule. At a distance greater than the radius 
of this sphere, the molecular attraction practically vanishes. This 
attraction between molecules of same kind is known as cohesion, 


A molecule, situated at a depth. greater than the radius of the sphere of 
attraction, will be attracted equally in all directions and excepting its own 
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weight, will have no net force acting on it [Fig. 11:3]. A molecule at 
the surface, on the other hand, has no other molecule of the liquid above 
it and has, therefore, no pull in the 
upward direction. A molecule also at 
a depth less than the radius of the 
sphere of attraction, hasits upward pull 
less than the downward pull. Thus, 
there is a resulting downward pull 
on all molecules near the surface. 
Presence of this force causes the sur- 
face of the liquid to remain in a state 
of tension leading to the tendency to Fig. 11:3 : Origin of surface tension 
contract. This explains the phenomenon of surface tension. 

Comparison with a simple example will clarify the concept. Let us 
now consider a horizontal rubber mem- 
brane fixed along its perimeter. If we 
now suppose that there is a downward 
uniform force on all points on the mem- 
brane, the membrane becomes stretched 
as shown in Fig. 11:4(a). The membrane? 
is in a state of tension and evidently 
tends to contract. The free surface of 

a liquid, in a similar way [Fig. 11-4(6)), 

vessel d Ma tends to contract. Thisis the ultimate 
Fig. 11:4 cause of surface tension. 
11:3, Dependence of surface tension on different factors, 

Surface tension of a liquid isfound to be influenced by the following 
factors : 

l. Surface tension decreases with increase in temperature. 

2. Surface tension of a liquid depends of the nature of the media in 
contact with its surface. 

3. Oil, soap, camphor etc. reduces the surface tension of a liquid. 

4. Surface tension of solution varies with concentration. 


11-4, A few illustrations of the effect of surface tension. 


(1) Oil, put in small quantities-on the surface of water, spreads readily 
over the entire surface. This is because the surface tension of the portion 
of the surface on which the oil is dropped gets decreased. Greater 
surface tension of water in the remaining portion stretches the oil in all 
directions. 

(2) Some match sticks are arranged likes spokes on a bowl. of water. 
Now, if a soap (or a piece of camphor) is dipped at the centre, the sticks 
will move outwards [Fig. 11:5]. The soap going into solution causes a thin 
soap-film to spread across the surface arouud the centre. This reduces the 
surface tension and the sticks are pulled outwards by the larger surface 
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tension in the outer portion. A similar experiment can be performed if a 
piece of camphor, or soap, is attached to the back of a small plastic boat, 
and the assembly is put in clean water, 
so that the camphor, or soap, touches 
the surface of water. The boat will move 
forward. 

If small camphor flakes are put on 
water surface, each of them is found to 
turn promptly and move rapidly in 
different directions on the surface of 
water. The camphor going into solution 
most rapidly at the pointed end of each 
flake, reduces surface tension more at 
that point than at any other. The greater 
surface tension on the opposite side pulls 
it in that direction, thereby producing 
the zigzag motion. 

(3) If asewing needle be held in a 
horizontal position’ and gently lowered on the surface of water in an 
open vessel, it will be found to float, though it is denser than water. Its 
weight (W) is then supported by the surface ` 
tension (T) of water, as shown in the Fig. 11°6. 
Due to the same reason, some light insects can 
actually walk on the surface of water. 

(4) Surface tension produces an interesting 
effect when the surface of a liquid comes in con- 
tact with the wall of its container., Water 
molecules are more strongly attracted by the 
molecules of glass than by other water mole- 
cules. The attraction between molecules of Fig. 11:6: A floating needle 
different kinds is called adhesion. The cohesive force of water molecules 
is less than the adhesive force between water and glass molecules. Due 
to this reason, water surface curves sharply upward where it touches a 
vertical glass surface [Fig. 11:7(a)]. The angle inside the liquid which 
the liquid surface makes with the solid 
at the point of contact is known as the 
angle of contact (0). In this case, the 
angle of contact is obviously acute. 
Similar observations can be made with 
different liquids which wet glass, as 
for example, alcohol, ether, etc. 

Fig, 11-7 On the other hand, with mercury 

which does not wet glass, the 

attraction between the glass and mercury molecules is less than that 
between mercury molcules themselves. In that case, the mercury surface 


Fig. 11:5 


Glass 


Mercury 
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cuts.sharply downwards where it touches the vertical glass surface [Fig. 
11:7(5b)] ; the angle of contact is obtuse. 

(5) Ifone end of a narrow glass tube is dipped into water, or in any 
liquid which wets glass, surface tension pulls the surface of water up into 
the tube above the level outside [Fig: 11:8(a)). In upright uniform tubes, 
the action stops when the weight of 
water lifted is equal to the pull 
caused by surface tension. However, 
ifthe liquid e.g. mercury does not 
wet the tube material e.g. glass, 
it descends in the tube [Fig. 11:8(5)]. 
This elevation, or depression of 
liquids in capillary (hair-like) tubes 
is known as capillarity. The effect is 
found to be inversely proportional 
to the inside diameter of the tube. 
Hence, for proper demonstration, 
the diameter of the tube should Fig. 11:8 1 Capillarity 
be 1 mm. or less. " 

A large number of effects which are connected with capillarity can be 
cited. Capillary action takes place in the use of wicks in oil lamps and 
patrol lighters and in the absorption of liquids by blotting paper or in the 
use of towel in drying our hands; the liquid rises through the narrow 
channels between the fibres. Capillary action is one of the causes of the 
rise of water up the woody tissues of plants. 


o 
@ EXERCISE 6 


Questions. 


1. Explain the term ‘surface tension’ and describe two experiments to illustrate it, Can 
gases or solids have the property ? 

2. What is molecular theory of surface tension? On what factors does surface tension 
depend ? 

3, What are the units of surface tension? What is capillarity ? State an example of 
capillary action. How a sewing neddle can be made to float on water? Explain its underly- 
ing principle. 

4. Explain the phenomena : 

(a) Small insects walk on the water surface. (b) Oil put in small quantities on the 
surface of water spreads rapidly. (c) Small piece of camphor in water describes a zigzag 
motion, (d) Blotting paper readily absorbs ink. (e) Mercury surface in a capillary tube 
cuts sharply downwards where it touches the vertical glass surface. ` 


——— 


12 VISCOSITY 
CHAPTER 
| 


12:1. Introduction. 


In the next few sections, we shall devote ourselves to a very elementary 
and qualitative study of fluids in motion. The subject in its actuality is 
very much complex. However, with-the simplifying assumption of 
streamline flow, important conclusions, which approximate closely to the 
actual situation, can be reached. 


12:2. Streamline and Turbulent flow. 
The motion of a fluid may be of two types, viz., (i) streamline and 


(ii) turbulent flow. E 


In streamline or orderly flow, the path of any particle of the fluid is 
always directed along the line of motion of the fluid as a whole ; each 
particle in the fluid then travels in exactly the same path, called a 
streamline, as the particle preceding it. A streamline may be either straight 
or curved. In such a motion, the velocity of the fluid at a particular point 
remains constant in both magnitude and direction. It may, however, vary 
from point to point. 

Fig. 12:1 represents a fluid in streamline motion, the lines showing the 
path followed by the particles of the fluid. Obviously, these represent the 

streamlines. Let us consider any parti- 

emi e E cular streamiline AB and let at any 
2 instant of time, the velocities of the parti- 

z wo GC cles at the points a,b and c on the 

A dye olera OE streamline be given by v, vp, and vs 
respectively. Then as the fluid moves it 

De i will be found' that at any later instant, 

pP cu E ena dc the velocity of a fluid particle is still v, 


at a, vy at b and so no. 

Fig. 12:1: Streamline flow When the paths of the particles of a 
moving fluid are completely irregular and random, the flow of the fluid ts said to 
be turbulent or disorderly [Fig. 12°2]. Obviously, in such motion, the 
paths of fluid particles do not coincide, in general, with the line of motion 
of the fluid as a whole. The particles travel in zigzag paths, forming 
eddies and vortices. 

Prof. Osborne Reynolds studied these two types of fluid motion in 
detail. He found that at relatively low velocities, fluid motion is 
streamlined. On increasing the velocity, when it exceeds a certain 


———— 
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particular value, called the critical velocity of the fluid, the flow becomes 


turbulent. This critical velocity depends on the nature of the fluid and on 
temperature. Forflow through a tube, it also 


depends on the radius of the tube. «LÁ 
Demonstration Experiment, CUT 
SS 


One end of a glass tube Tis introduced in a NO 
glass vessel containing water. The other end TE O) UA BU 
of the glass tube is connected to a small piece of 
rubber tubing to which a pinch-cock is attached 
[Fig. 12:3). The velocity of flow of water in the 
tube may be increased or decreased by regulating the outflow of water 
with the help of the pinch-cock. Another tube B ending in a fine jet, allows 


Fig. 12:2: Turbulent flow 


A E COLOURED 
=S LIQUID 
Aw —— 
(b) 
IF um 
(a) (0) 


Fig. 12°3 


coloured water from a. tank A to pass into the tube T. At low velocities 
of flow, it is found that the jet of coloured water travels unbroken 
through the flowing water producing a coloured band, which appears 
to remain fixed in position [Fig. 12*3(2)], indicating streamline flow. 
As the speed of flow is increased, it is found that when a certain 
velocityis reached, the coloured band gets disrupted and the coloured 
liquid begins to move transversely across the tube [Fig. 12°3(b)]. Ata 
slightly higher velocity, it gets mixed with the whole of the water in the 
tube (Fig. 12:3(c)). The flow is then no longer streamlined but turbulent. 
The speed of flow at the transition point gives the critical velocity. 


12:3, Motion in Fluid. 

If an object moves through a previously stationary fluid, it experiences 
a resistance to its motion offered by the fluid, which is termed fluid friction. 
In discussing this phenomenon, it makes no difference ifwe picture the 
object as stationary and the fluid flowing past it. This means that we are 
concerned only with the relative motion between the object and the fluid. 
For example, in testing the design of an‘ aeroplane, the prototype is kept 
fixed ina wind tunnel which is essentially a long tube and air is sent 
through the wind tunnel with high velocity. 

If the body be at rest and the fluid in motion, the layer of the fluid in 


contact with the body remains at rest with respect to the body. Layers of 
the fluid at smaller distances from the body have velocities smaller than 
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those of the layers at greater distances. If the body be in motion through 
a fluid at rest, the particles of the fluid in contact with the body are carried 
away with the body and different layers of the fluid acquire different 
velocities, decreasing with their respective distances from the body. Due 
to this, a relative motion exists between different layers of the fluid, which 
gives rise to a force opposing the relative motion. The origin of this resistive 
force is ascribed to a special property of fluids, known as viscosity. We shall 
study this property in somewhat greater detail in the next article. 


Experimental observations show that when the relative velocity is small, 
the flow of fluid past the object is streamlined (Fig. 12:4). The streamlines 
bend round the object and converge 
just behind it. The force f, opposing the 
motion is then found to be  propor- 
tional to the relative velocity v. Thus, 
f œ vor, f=Ky, where Kisa constant of 
proportionality. The value of this cons- 
tant depends mainly on the size and 

ES : shape of the body and also on the nature 

A NM RS Sethe Joi. 1 & foubd that a body of 

: larger size experiences greater resistance 

to its motion through the fluid. While moving through a fluid in a 
direction perpendicular to its area, a disc having same cross-sectional area 
asa spherical body is subjected to a larger resistive force than the latter. 
Wales offers greater resistance to the motion of a body than that offered 

y air. 

As the relative velocity increases beyond the critical velocity, the flow 
is nó longer streamlined ; turbulénce sets in and in the region just behind 
the body, the fluid moves in whirls and eddies (vortices ). Formation 
of these vortices (Fig. 12:5] leads to a large dissipation of energy. If the 
body is in motion, a large part of its 
K. E. is thus lost, so that its velocity 
gets decreased. In other words a con- 
siderable increase in resistance to its 
motion takes place. 


It is found experimentally that the 
force f Opposing the motion is then 
Proportional to the square of the 


E i i Fig, 12-5; Turbulent flow 
relative velocity v, ie, f oc Y*, or f=ky?, past an object 


where k is a constant of proportionality. 
the constant of proportionality k depends 
of the body and on the nature of the fluid. 


In order to minimise this resist 
object and the fluid, the object is s 
through which it is moving [Fig. 1 


As in the case of streamline flow, 
mainly upon the size and shape 


ance to relative motion between the 
haped as the streamlines of the fluid 
2'6). For such a streamlined object, the 
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cross-section gradually decreases tapering towards the rear. It must also 
possess a smooth surface having no sharp corners or edges. Giving the 
body a streamlined shape reduces 
greatly the tendency of formation of 
vortices behind it, thereby allowing it: 
to move through the fluid facing mini- 
mum resistance. -This is particularly 
important at high velocities, where 
otherwise much energy will be dissipa- 
ted due to the resulting turbulent flow 
of the fluid. This explains the shape Fig. 126: Fluid flow past a 

of the bodies of aeroplanes, peda streamlined object 

and modern high speed trains and cars. A natural ex2mple is provided 
by the streamlined shape of a fish, so that it can glide through water 
at ease. 


12:4, Viscosity. 


The property by virtue of which a fluid resists its flow is known as viscosity, 
Many common phenomena provide examples of the manifestations of this 
property of fluids. When water in a vessel, after stirring, is left to itself, 
the swirling motion comes to a stop after a short interval of time. Internal 
forces of friction, called viscous forces, opposing the relative motion of 
different layers of water come into play and bring them to rest. Thus 
viscosity is also called internal friction. Thisis an inherent property of 
all fluids, varying only in degree from one to other. It is easier for water 
to pass through a tube than glycerine. Glycerine is said to be more viscous 
than water. Liquids are found to be more viscous than gases. 


Let us consider the streamline flow of a fluid over a fixed horizontal 
surface. The layer of the fluid in contact with the surface remains at rest 
relative to the surface. The next layer of fluid moves slowly over the first, 

ee: : the third layer moves slowly over the 

eae MÀ second and so on. The velocity of the 

Ime eo fluid layers increases uniformly with 

ae GQNQ UT - distance from the fixed surface as 
i woe) shown by the arrows [Fig. 12°7]. If ` 

the velocity of a fluid layer at a 

TEE distance / from the fixed surface be 

Fig. 1277 y, then v// gives the rate of change of 

velocity with distance in a direction at right angles to the flow and is called 

the velocity gradient. Tn a streamline flow this is usually uniform. 


Considering any particular layer A of the fluid, the layer B immediately 
below it moves with a smaller velocity. The slower moving layer B tries 
to retard the layer A, while the faster one, A tries to accelerate the layer B. 
The two layers thus tend to destroy their relative motion ; this suggests 
that a tangential force opposing the motion, called viscous force act on the 
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fayers. Therefore to maintain the flow, an external force must be applied 
to overcome this viscous force. In absence of such an external force, this 
viscous force opposes the flow and brings the fluid to rest. 


From an experimental investigation of this phenomenon, Newton 
suggested the following laws which hold only for streamline flow :— 


(1) The viscous force F acts tangentially to a layer of the fluid and is 
directly proportional to its surface area A i.e., Fo 4. 


(2) ‘his force is directly proportional to the velocity gradient of the 
fluid layers. Ifthe velocity of a layer at a distance / from the stationary 
layer be v, then Fæ (vjl). 

Combining we get, Foc4-- or, Fes g S C21) 

This constant of proportionality, represented by the Greek latter 7 (eta), 
is called the co-efficient of viscosity, or simply the viscosity. For fluids 
which flow readily like water, its value is small, while for heavy fluids like 
glycerine, treacle etc., its value is larger. Obviously, its value for gases is 
much smaller than that for liquids. Its’ value depends markedly on 


temperature ; as the temperature is increased, the value of 7 increases for 
gases, but decreases for liquids. 


The absolute C.G.S. unit of co-efficient of viscosity is called the ‘poise’ 
after Poiseuille, a poineer research worker in this field. From equa- 


tion (12:1), we have, oe i pe Aba?) 


x arie a dynexl cm. _ 2 
-. 1 poise Panter oe nar dyne sec./cm. 
Hence the co-efficient of viscosity ofa fluid is 1 poise, if a tangential force 
of 1 dyne for each square centimeter of surface is necessary to maintain a 
relative velocity of 1 cm./see. between two layers of the fluid separated by a 
distance of 1 cm. Small viscosities. are usually expressed in centipoises. 
(1 cp=10-? poise) or micropoises (14p—10"* poise). The dimensions of 7 
are MLT. i 
Example 12:1. A metal plate 250 sq. cm. in area, rests on a layer of 
glycerine 5 mm. thick. If the horizontal force required to move the plate with 


a speed of 22 cm./sec. be 9.3 x 104 dyne, calculate the co-efficient of viscosity 
of glycerine. 


Solution: From eqn. (12°2), 


7 CA» 950x229 —8'46 poise. 
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@ EXERCISE @ 
Questions. 


1. Distinguish between streamline and turbulent flow of fluid. What is critical velocity ? 
Indicate its importance in fluid flow. On what factors does the value of critical velocity 
depend ? 

2. What do you mean by fluid friction? How does it arise ? 

‘The shape of the fast moving bodies must be streamlined'.—Explain. 

3. Define viscosity. What is viscous force and how dose is arise? On what factors does 
is depend and how ? What is ‘poise’ ? 

4. Define ‘coefficient of viscosity’. Mention its unit and dimension, What is the effect of 
temperature on it ? ‘Viscosity is a special property of fluid only'. Can you agree ? Why ? 

5. ‘Coefficient of viscosity of glycerine is 8:4 poise'—Explain, Coefficient of viscosity of 
liquid A is double than that of liquid B. Which liquid will flow more readily ? 

Problem. 


1. A flat metal plate of area 100 sq. cm, is separated from a large plate by a layer of castor 
oil2 mm, thick. If the coefficient of viseosity of castor oil be 15:5 poise, calculate the 
horizontal force required to move the plate with the speed of 3 cm./sec. 


[ Ans. 2:325x 10 dyne } 


13 HEAT AND TEMPERATURE 
CHAPTER (Recapitulation) 


13-1. Introduction. 


With this chapter we begin our study of the branch of physics, known as 
Heat. In aiming to describe the thermal phenomena, we shall primarily explain 
two physical quantities, called heat and temperature. Heat is a form of energy and 
can be expressed in energy units defined in mechanics, But temperature cannot 
be defined in terms of the three fundamental quantities viz., length, mass and 
time. Thus, temperature is a new physical quantity of a type different from the 
above fundamental quantities. Starting from the discovery of a thermometer by 
Galileo in the closing end of the 16th century, the long history of thermometry 
and the establishment of the concept of temperature is an interesting story of its 
own ; but we may simply understand the temperature to be the scale reading of 
a suitable thermometer placed in close contact with the object. 


13-2. Heat and temperature. 


All bodies in nature contain heat. Heat energy is associated with molecular 
motion within the. substance (vide Art. 20:2). It is perceptible only. when it 
passes from one body to another. As a result of heat communication, the 
temperature of the recipient increases and the temperature of the donor 
decreases. Thus, the quantity of heat that a substance either releases or 
Ieceives, can only be measured ; its absolute content of heat is not measurable. 
In principle, heat gained or lost by a substance is measured by the calorimetric 
principle (vide Art. 17:6). The unit of heat, called the gramme-calorie or simply 
calorie, is the quantity of heat required to raise the temperature of 1 gm. of 
water by 1°C. Other units of heat are set out in table 13:1. 


TABLE 13:1: HEAT UNITS 


Mass of | Temp. | Gm-calcrie| 


Unit water change |or calorie 
Gramme-calorie | 1 gm. Ecl 
Large calorie 1 kg. 1°C. | 1000 
B. Th. U. 1 Ib. OR 2015252 
Therm 10° ib. PF. | 2°52 x 10? 
Pound-calorie 1 Ib. 1°C. | 453:6 


Temperature js a measure of the degree of hotness or is the intensity of 
sensible heat. Whenever two bodies at different temperatures are brought into 
contact, heat flows from one at higher temperature to other at lower temperature. 
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Thus, temperature can be defined as the thermal condition of a body which deter- 
mines the direction of heat flow i.e., it determines whether the body will receive 
heat from another body or it will give heat to the same. 

The human body is quite sensitive to changes in temperature. But the sense 
of touch is merely qualitative, while scientific precision requires that every 
physical quantity should be measurable in numerical terms. Instruments devised 
for the purpose of measurement of temperature are called thermometers. 

Discussion on the methods of measuring temperature forms the subject 
matter of thermometry. Any property of matter which has one to one correlation 
with temperature ie. which has its magnitude changed in a regular way by 
a change of temperature can be used to measure temperature. The said 
property is called the thermometric property and the corresponding substance is 
known as the thermometric substance. Some most common thermometric 
substances and their properties are listed in the following table :— 


Thermometric Approximate runge 
ESE Thermometric property | Thermometer °C 
1. Mercury Volume Mercury-in-glass —38 to 350 
> thermometer 
2. Alcohol Do Alcohol thermometer — 80 to 60 
3. Gas (e.g. Do Constant-pressure —183 to 600 
hydrogen) gas thermometer 
4. Gas Pressure Constant-volume —260 to 1600 
gas thermometer 
5. Bimetallic Relative expansion of Bimetallic —40 to 500 
strip two different metals thermometer 
6. Liquid- Vapour: pressure Vapour pressure —150 to —272 
vapour thermometer 
7. Platinum Resistance of a wire Platinum resistance —200 to 1200 
thermometer 
8. Closed Thermo e.m.f. Thermocouple —200 to 1600 
circuit of two 
dissimilar 
metals 
9. Metallic wire Brightness Radiation pyrometer 800 up 
(e.g. of tung- 
sten) 


13:3. Distinction between heat and temperature. 

The following are the points of difference between heat and temperature’: 

(i) Heat and temperature are quite separate physical entities. The former 
is the cause and the latter is its effect. Generally, when a body receives some 
quantity of heat, its temperature rises and when a body releases heat, its 
temperature decreases. 

(ii) While heat is a form of energy, the temperature defines the thermal 
condition of a body which signifies the direction of heat flow. 
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The relation between heat and temperature, is something like the relation 
between the total quantity of liquid in a vessel and its level. The direction of 
flow of liquid is determined by the height of liquid level in two connecting 
vessels. Liquid is always found to flow from the vessel with the higher level to 
the other, though the second may actually contain greater quantity of liquid. 
Similarly, heat flows from the body at higher temperature to another at 
lower temperature, irrespective of whether the latter contains smaller or larger 
quantity of heat. 

(iii) Even if two bodies are at the same temperature, they may contain 
different amounts of heat. Also, the rise in temperature of two bodies 
may be different even when the same amount of heat is communicated to both 
of them. 

(iv) The temperature of a substance remains shit during change of 
state but its total heat content varies. 


13-4. Scales of temperature. 


Thermometer based on the expansion of a liquid viz., mercury-in-glass- 
thermometer, was invented early in the seventeenth century. At that time 
completely arbitrary scales were used, so that readings of any two thermometers 
had wide disparity. This inconsistency was however, removed when common 
scales of temperature were devised in the first half of the eighteenth century. 

In defining the common temperature scales, two conveniently reproducible 
temperatures, called fixed points, are used : 

The upper fixed point (or the steam point) is the temperature of steam from 
water boiling under an external pressure of 76 cm. of mercury at sea level and 45°. 
latitude. 

The lower fixed point (or the ice point) is the temperature of pure melting ice 
under the same conditions. 

The Centlgrade scale was first suggested by Anders Celsius. It is also called 
the Celsius scale, in which the lower and upper fixed points are chosen as oc. 
and 100°C. respectively. This scale is in common use in most of the countries 
of the world. There is another important scale of temperature. Itis- called the 
Fahrenheit scale and was devised by Gabriel Daniel Fahrenheit. On this scale, 
the fixed points are 32°F. and 212°F. For ready reference, and also for brevity, 
the fixed points of some useful temperature scales are shown in the Table 1372. 


TABLE 13:2: CONVENTIONAL SCALES OF TEMPERATURE 


Lower fixed | Upper fixed 
Scale point point Symbol 
Celsius. (Centigrade) —— 0 100 C 
Fahrenheit 32 212 F 
Reaumur 0 .80 R 
Absolute (Kelvin) 273 373 K 


P-I/20 
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The interval between the fixed point marks in a thermometer is called the 
fundamental interval. It is divided into 100 equal spaces for the Celsius 
scale, or 180 for the Fahrenheit scale, to give the individual degrees. Above 
and below the fixed points, the scale may be extended by marking off degrees of 
the same size. 


13-5. Relation between the Centigrade and Fahrenheit scales of 
temperature, 

Fig. 13-1 shows a comparison of the Centigrade with the Fahrenheit scales. 
Since there are 100 Celsius or Centigrade degrees 
and 180 Fahrenheit degrees between the two fixed 
points, we see that 

100C. degree=180F. degree, i.e., 100 divisions on 
the centigrade scale— 180 divisions on the Fahrenheit 


scale. 
1 division on the Centigrade scale= 
division on the Fahrenheit scale. tee (a) 
and also, 1 division on the Fahrenheit scale—4 
division on the Centigrade scale. E (b) 


Let us suppose that an unknown temperature 
reads C and F on the Centigrade and Fahrenheit 
scales respectively. Now, the reading F corresponds 
to the movement of (F—32) divisions of the mercury 

Fig. 13-1: Centigrade and thread from the lower fixed pcint (Fig. 13:1), while 
Fahrenheit scales the reading C corresponds to a movement of C 
divisions from the said point. 

Hence, (F—32) divisions on the Fahrenheit scale—C divisions on the 
Centigrade scale. 


But from (5), (F—32) divisions on the Fahrenheit scale 
—$(F—32) divisions on the Centigrade scale 


Hence, C=$(F—32) 
: C_F—32 
165 Zee = oes . vas (13:1) 


We can arrive at the relation (13:1) more simply as follows : Suppose C 
corresponds to the mercury level at Q, and F to the level g. The corresponding 
levels in the fixed points may be denoted by R, P and r, p on the Centigrade 
and Fahrenheit scale respectively (Fig. 13:1). Evidently, we have, 


from which it follows that, 
C P-32,, C_F-32 
100002180... 2 50 


By this relation, it is possible to convert a temperature reading from Centi- 
grade scale to Fahrenheit scale and vice versa. 
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Example 13:1. Over a period of a year, the extreme temperatures in Calcutta 
have differed by 30 centigrade degrees. Express this range in Fahrenheit degrees. 

Solution: Since 1 division on the centigrade scale—3 division of the 
Fahrenheit scale, we have, the range of 

30 C. degree=2 x 30 F. degree=54 F. degree. 

Example 13:2. Mercury freezes at —39°C. and boils at 357°C. at one 
atmospheric pressure. Convert these temperatures to the Fahrenheit scale. 

Solution : We have from the relation (13:1), 


—39 F—232 j " Nar 

TÉ ORI BST &oF-—382 

35] F—32 s e 
and, Eg? So F=6746 


Example 13:3. The temperature of dry ice at normal pressure is —109°F. 
Is this hotter or colder thar the temperature of boiling ethane which is —88°C. ? 
Solution: Let —109°F. correspond to x°C. We have from the relation 


(13:1), 


x. —109—32 
Soe 9 
or, x= —78:3°C 


Hence, the dry ice is hotter than the boiling ethane. 


Example 13-4. At what temperature will the centigrade thermometer read 
twice as much as the Fahrenheit thermometer ? 
Solution: Let x be the temperature on the Fahrenheit thermometer and 
2x on the centigrade thermometer, 
We have from the relation (13:1), zd ar 
or, 18x=5x—160 or, x—-—123 
Hence, the required temperatures are —12:3°F. and —24-6°C, 
Example 13:5. The stem of a mercury thermometer is of uniform bore and 
a scale graduated in centimetres is attached to it. The lower fixed point reads 
2:5 cm. and theyypper fixed point 25 cm. What is the temperature (a) in °C., 
(b) in °F., when the top of the mercury thread indicates 10 cm- ? : 
Solution: Length of the scale of the unknown 
thermometer between the two fixed points i.e. its funda- ini us E 
mental interval—(25—2:5) —22:5 em. n e D a 
Length of scale between the lower fixed point and the 


top of the thread—(10—2:5)—7:5 cm. ~. We have from kde da 
the adjacent figure, so Cie Esc. L 
Si bees PR 
100 180 225 foe. los 
CTS s 43.40 
Hence, 100^ 225 So C2333 
F—-32 75 . p.» 


wu VU DE D 


296 ELEMENTS OF HIGHER SECONDARY PHYSICS 


Example 13-6. A faulty thermometer reads 12? when placed in melting ice 


Faulty and 97°5° im steam at one atmospheric pressure. Find 
thermometer the correct temperature when the thermometer reads 40° 
Ju in the same pressure, the bore of the thread and graduations 


being uniform. 
Solution: Let the correct temperature in the centi- 


pesci UV ore grade scale be C corresponding to that (40°) registered 
in the faulty thermometer. We have, therefore, from 
the adjacent figure 
12 
ED e C  40—12 — 40-32 
1007975—12 E 


Example 13-7. A thermometer A has got its fundamental interval. divided 
into 50 equal parts and another B into 100. If the lower fixed point of A is 
marked 0° and that of B 20°, what is the temperature recorded by A when it is 
shown to be 100° by B ? 


Solution: Suppose the thermometer 4 registers x,°, while B registers x,°. 
Hence, we can write, 
xı (0) _xa—20 
50 100 


Since, x,=100, e SU a 40° 


Example 13:8. 44 centigrade thermometer reads 0°5°C. in melting ice and 
98°C. in dry steam at 748 mm. of Hg. pressure. Find the correct temperature 
when this thermometer reads 14°C., given boiling point of pure water at 736 mm. 
of Hg. pressure is 99°C. 

Solution : We know that the boiling point of water—100°C. at 760 mm. of 
Hg. pressure. 

Given that boiling point of*water—99°C, at 736 mm. of Hg. pressure. 

for the variation of (760—736) or 24 mm. of Hg. pressure the boiling 
point changes through 1°C, , 

Thus, for the variation of (748—736) ox 12 mm. of Hg. pressure the boiling 
point should change by 0°5°C, 

The true boiling point at 748 mm. of Hg. pressure—99 + 0-5=99-5°C, 

Let x° be the correct temperature on the centigrade thermometer corres- 
ponding to 14°C on the faulty thermometer whose lower and upper fixed points 
are respectively 0:5°C. and 98°C, 

x—0  14—05 13:5 j 
393-0 98-05 9^ *-—3123. 1277€ 


e EXERCISE e 
[A] Essay type questions 
1. Define temperature, Distinguish between hea: 


i A ; : t and temperature. What physical 
properties are taken into account in the design of thermometers ? Mention the name of a few 
types of thermometers. 
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2. Define Calcius and Fahrenheit scales. In what direction would the liquid column in a 
thermometer move if the expansion of the liquid is smaller than that of the solid containing it ? 
What are the advantages and disadvantages of using mercury as a thermometric substance ? 
What is the disadvantage if the tube of a thermometer is not of uniform bone throughout ? 

3. Define upper fixed point and lower fixed point. What is meant by ‘Fundamental , 
Interval'? Find its value in different scales of temperature. Find the relation between the 
Calcius and Fahrenheit scales of temperature. Why a small bulb is provided at the top of 
the tube of a thermometer ? 

4. Why is it necessary to note the barometric height when determining the upper and 
lower fixed points of a thermometer ? 

*The relation between heat and temperature is like that between total gun, of liquid in 
a vessel and its level’. — —Explain. 


[B] Short Answer type questions 


1, There are two thermometers of which one has the larger bulb and the other the finer 
bone. Explain the advantages and disadvantages in each case. 

2 Two thermometers are hanging in a room; one registers 10° and the other 50*. If both 
the thermometers are correct, what is the reason for such differences ? 

3. Cana clinical thermometer be employed to find (i) maximum and minimum temperature 
of atmosphere in a day of 24 hours, and (ii) the boiling point of water. Give reasons for your 
answer. ` [Jt. Entrance , '73) 

4. A nurse cleaned a clinical thermometer using boiling water and the thermometer became 
useless. Explain its reason. 

5. How could a thermometer be used to find whether the atmospheric pressure was above 
or below the normal ? [H. S. 1960 (comp.)]. 

6. Two thermometers are constructed in the same way _ except that one has a spherical bulb 
and the other an elongated cylindrical bulb. Which one will respond quickly tó'temperature 
changes ? (LL 1.,.’73} 


[C] Simple problems 


1. (a) How many degrees will the mercury in a Centigrade thermometer rise when the 
Fahrenheit thermometer rises by 63* ? 
(b) How many degrees will the Fahrenheit thermometer rise when the Centigrade thermo- 


meter rises by 65° ? [Ans. (a) 35°C ; (b) 117*F.] 
2. A Fahrenheit thermometer indicates a temperature of 5°F. What is the corresponding 
reading on the centigrade scale ? [Ans. —15°C.] 


3. The normal temperature of a human body is 98: OE Express it in centigrade unit,- d 
[Ans. 37*C.] 
4. Calculate the temperature at which the readings (a) of a fahrenheit and a centigrade 
thermometer are the same (b) of a fahrenheit thermometer is five times that of the centigrade 
thermometer ? [Ans. —40° ; 50*F.] 
5. The difference in the readings of the temperature of a bath determined by a fahrenheit 
thermometer and a centigrade thermometer is 40°, What is the temperature in °C and °F ? 
[Ans, 10°C., 50°F. or, —90°C., —130*F.] 
6. A centigrade thermometer is placed in milk and reads 56°C. whilst a fahrenheit thermo- 
Meter placed in water reads 202°F, What would the thermometers read if they werq inter- 
changed ? [Ans. 94:4"C. ; 132:8?F.] 
7. When a thermometer is dipped into a warm liquid the level of the mercury rises one 
quarter of the distance between the ice point and the steam point, Calculate the rise in 
temperature of the thermomeier in (i) Centigrade degrees and (ii) Fahrenheit degrees. 
[Ans. (i) 25°C, (ii) 45°F] 
8. While determining the temperature of the same object, the readings of a Centigrade and 
à Reaumur thermometer differ by 2°. What is the temperature in °C and ^R ? 
[Ans. 8°R, 10°C or, —8*R, —10*C.] 
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9. (a) The boiling point of mercury is 357°C. Express it on Kelvin's absolute scale. 
(b) What is the temperature which is numerically the same on both the Fahrenheit and 
Kelvin’s absolute scales ? [Ans., (a) 630°K, (b) 574-25°] 
10. If the lower fixed point and upper fixed point of a thermometer are marked 20 and 140 
respectively, what reading would this thermometer indicate for a temperature of 92°F. 
(H. S.'62) [Ans. 60°] 
11. An accurate, centigrade thermometer registers 15-5°C., while a faulty Faltrenheit 
thermometer, hanging beside it, registers 61-5°F. What is the correction to be applied to this 


latter reading ? [Ans. —1-6°F] 
12. A thermometer reads 5° in melting ice and 99° in dry steam at noimal pressure, Find 
the temperature on the fahrenheit scale when the thermometer reads 52°. (Jt. Entrance '68) 
[Ans. 122°F] 


13. The lower and upper fixed points of a thermometer are marked 30° and 150° 
respectively. What will be the reading on this thermometer for a temperature of 60°C ? 
[Ans. 102°] 
14. A reading of 15-6 mm. is found from the scale attached to an ungraduated thermometer 
when it is taken in ice and the reading of 235:2 mm, when in steam at standard pressure, What 
will the thermometer read on a day when the temperature is 25°C ? [4ns. 70-5 mm.] 
15. When the fixed points of a centigrade thermometer are verified, it reads 0-5°C at the 
melting point of ice and 99-2°C at the boiling point of water at normal pressure. What is the 
correct temperature when it reads 15°? At what temperature will it give exactly correct 
reading ? [Ans. 14:69?C, ; 38-46°C] 
16. Dr. Das's thermometer has got its fundamental interval divided into 70 equal parts 
and another thermometer belonging to Dr. Chatterjee mto 110, If the lower fixed point of 
Dr. Das's thermometer is marked 0° and that of Dr. Chatterjee's 30°, what is the ternperature 
by Dr. Das's thermometer when it is 100° by Dr. Chatterjee's ? [Ans. 44:54*] 
17. A thermometer in melting ice indicates —2*, whilst the reading is 101-4? in the steam 
from water boiling at a pressure of 760 mm. of Hg. What temperature does the thermometer 
register in the vapour of boiling methylated spirit (66:9*C) ? [Ans. 67:167] 


[D] Harder problems 


l. The freezing point on a Fahrenheit thermometer is correctly marked and the bore of 
the tube is uniform but it indicates 103-5* when a standard centigrade thermometer reads 40°C. 
What is the reading of boiling point on the Fahrenheit thermometer ? [Ans. 210-753] 

'2. A centigrade thermometer reads 1:5*C in pure melting ice and 98-5°C in steam from 
water boiling at a pressure of 747 mm. of Hg. What is the correct temperature in Fahrenheit 
when the thermometer indicates 20°C? Given, boiling point of water at 734 mm. of Hg. 
is 99*C. [Ans. 66:16*F] 

3. A faulty centigrade thermometer reads —0-5*C as the ice point and 100-5°C as the 
Steam point at 754 mm. of Hg. pressure. What should.be the correct temperature when this 
thermometer reads 49:5*C. Given the true boiling point of pure water at 748 mm. of Hg. 
pressure is 99*C. iot [Ans. 49-26°C} 

4. A thermometer immersed in water of mass 10 gm. undergoes temperature rise of 15° 
and indicates a temperature 35°. What is the temperature of the water prior to the measure- 
ment ? The water equivalent of the thermometer is 10 gm. (Hint: Use the relation, Heat 
lost=Heat gained.) ` [Ans. 50°] 


1 4 THERMAL EXPANSION OF SOLIDS 
CHAPTER 


14-1, Thermal expansion of solids. 


In general, the dimensions of all substances increase with increase in 
temperature. This phenomenon is known as thermal expansion. When cooled, 
the substances contract and regain their original dimensions. We shall see in a 
later chapter (vide Chapter 20) how the explanation of this phenomenon is 
provided by the kinetic theory of matter. 

In the present chapter, we shall restrict ourselves to the study of the thermal 
expansion of solids only. When heated, the dimensions of a solid get expanded 
in all directions. The increase in length is called its linear expansion. The 
increase in its surface area is known as the surface or superficial expansion, 
while the increase in volume is called the volume or cubical expansion. The 
amount of increase is, however, very small. With the same rise in temperature, 
different solids expand by different amounts. As for example, copper expands 
more than iron even if they are heated to the same temperature. In addition 
to these effects produced, expansion or contraction gives rise to another 
very important effect. A very large force is exerted by the solid when the 
expansion or contraction is opposed. The corresponding stress generated is 
known as thermal stress. 

The above discussion is not universally true for all solids. Crystals generally 
expand unequally in different directions. There are a few crystals which even 
contract along certain directions when heated. A stretched rubber band is 
found to contract when heated. Much more recently the Swiss physicist 
C.E. Guillaume invented an alloy of iron and nickel called invar. With the 
rise in temperature, the expansion of this alloy is practically nil. 


14:24. Demonstration Experiments. 


The simple and easily demonstrable experiments described below, illustrate 
vividly the different characteristics of thermal expansion of solids :— 


(A) Solids expand on heating. DT 


(i) Rod and Gauge Experiment: The 
apparatus consists of a cylindrical metal rod A 4. 1. Gey 
"ur mami Md 


and a gauge G (a thick metal piece) provided 
with a length-gap B and a hole C [Fig. 14:1]. 
At room temperature, the rod A just fits the 
gap B when inserted in it longitudinally ; it ; 
also exactly fits the hole C when inserted Fig. 141 : Rod and gauge 
transversely. If the rod held in a wooden experiment 

handle is heated in a flame, it will be found that the rod now fits neither 
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the gap B nor the whole C. This shows that due to linear and superficial 
expansion, the length as well as the cross-section of the rod haye increased 
appreciably. On cooling, the rod A is found to 
fit again into both B and C ; this shows the contrac- 
tion of the rod with fall in temperature. 


Gi) Ball and ring experiment: The apparatus 
Consists of a metallic ball and ring such that the 
metal ball at room temperature passes through 
the snugly fitting ring. When heated, the ball fails 
to pass through the ring [Fig. 14:2). This is due to 
the expansion of volume on heating. 


(B) Different solids expand by different 
amounts, 


(i) Ferguson's experiment: A metal rod R is 
clamped at one end with its free end resting on 
a cylinder N of small diameter. The Cylinder is 


Fig. 14:3. It carries a pointer P moving over a Fig. Pete n and "E 
vertical circular scale S, The tod is then heated 


Tt expands causing the cylinder to rotate, 
So that the pointer gets: deflected, 
the amount. of deflection being 
Proportional to the expansion in 
the length of the rod. The deflec- 
tion is found to increase with rise 
in temperature of the rod. This 
indicates that the amount of linear 

i 3 ji ^ expansion undergone by the rod 
Fig, 143: Ferguson's experiment increases — with temperature. On 

Tepeating the experiment taking identical rods of different materials, and keeping 
the rise in temperature same for each of them, 
the deflection of ihe Pointer will be found to be 
different. This shows that when heated to the same 
temperature, different materials expand by different 
amounts. 

(ii) Bending of Bimetallic strip: The inequality 
in the expansion of different materials can be 
simply demonstrated with a bimetallic strip which 
consists of two flat bars of different materials 
welded or riveted together (Fig. 14:4 (3). When 


a Lecco Maa tea 


heated, the original straight bar bends as shown in (2... (5 
the Fig. 14:4(bj. The metal A, say brass, expands Fig. det: Bending of 
more than metal B, say iron > SO the strip bends a strip 


with the metal 4 on the outside. 
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(C) Forces brought into play by expansion or contraction of solids. 


An iron or a brass bar B passes through a strong cast-iron yoke Y as shown 
in Fig. 14:5. Through two holes P, and P, near one end of the bar, two short 
cast-iron pins may be inserted. These 
pins may be pressed very firmly against 
the shoulders of the yoke by tightening 
the large nut N at the other end of the 
bar. Atfirst, introducing a pin in the 
hole P, the bar is heated and then 
clamped tightly with the help of the Fig. 14-5: Demonstration of force 
nut N so that the pin in the hole P, developed due to expansion and 

constraction 
presses against the yoke. As the. whole 
system is allowed to cool, the pin snaps under the action of the large ferce 
developed due to contraction of the bar. 

A similar force arising due to the expansion of the bar on heating may be 
demonstrated by introducing the remaining pin in the hole P, and by tightening 
the nut when the bar is cold, so that the pin presses against the yoke. On 
heating the bar, the pin snaps. 


POP B N 


14-3. Coefficient of linear expansion. 


Experimental investigations show that the increase in length of a rod due to 
heating is very nearly proportional to (i) the original length of the rod, and (ii) to 
the rise in temperature. The increase also depends upon the material of the rod. — 

Let us suppose that a rod has initial length /, at r,° and when it is heated to 
t,°, its length increases to Jp. We may, therefore, state that increase in length 


(lh) hs for fixed rise in temperature, 
and, (/,—I)cc(t,—t,) for fixed initial length of the rod, 
RO) i sale —h)ol(t,—t) when both vary 


—h=alh(t,—t,) ] 
where, « is a constant of proportionality, different for different solids. This 
constant is called the coefficient of linear expansion of solids, 


—(h—h)/h ; dvds 
g= (m s » | (14:1) 
or, A—h(1--«(t—1)) = Xp (14:2) 


Hence, from eqn. (14:1), 
Coefficient óf linear expansion— Inereape in length/Original length. 
ise in temperature 
Fractional change in length of the rod 

: ir se in temperature 

Thus, the coefficient of linear expansion is Jefined as the fractional increase 
in length of the solid per degree rise in temperature. 

In the foregoing discussions, we have tacitly assumed that the value of « 
remains constant over different ranges of temperature. This does not hold 
accurately and the value of « is found to vary with temperature. The value _ 


` 
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defined by the eqn. (14:1) gives really the mean value of « between 5 and t. 
The variation is, however, so small that in práctice it is neglected without any 
appreciable error. 

Due to the reason discussed above, the value of « is defined with respect 
to the length of the substance at 0° when high accuracy is required. Hence, 
the coefficient of linear expansion is strictly defined as 

« — Increase in length for 1? rise in temperature 
Initial length at 0° 


14-4. Units of Coefficient of Linear Expansion. 


In the expression for the coefficient of linear expansion, the numerator is 
simply the ratio of the two lengths and is, therefore, a pure number. Since the 
denominator represents a rise in temperature, « has thus the dimension of the 
reciprocal of temperature and its Magnitude depends only on the scale of 
temperature adopted. Hence, the units of coefficient of linear expansion are 
simply ‘per °C’ or ‘per °F’ without mention of a length. 

The statement that “the Coefficient of linear expansion of brass is 0:000018 
per °C” means that 1 cm. of a brass rod raised in temperature by 1°C. expands 


Since a change of 1°C, is equivalent to a change of (3)°F., the coefficient of 
linear expansion of a solid per degree Fahrenheit is $ times the corresponding 
value expressed on Centigrade scale. For example, brass has « —0:000018 
per ^C ; on Fahrenheit scale, « — (0000018 x$) per ^F—0:000010 per °F, 

Example 1441. 4 copper rod is 150 cm. long at 20°C. What is the increase 
in length when it is heated to 40°C. ? The coefficient of linear expansion of copper 
is 17 X 10-8 per °C. 

Solution: /,—150 cm, 4=20°C., 1—40*C, and «= 17x 10-® per °C, 
Then from eqn, (14:1), increase in length 

h—h=h#(t—t,)=150 x 17 10-*(40—20)—0:051 cm. 


Example 142. 4 hole of diameter 6 cm. is bored in an iron plate at the 


temperature of 25°C. Find the temperature to which the plate must be heated in 
order that a ball of diameter 6:05 cm., just passes through the hole (the coefficient 
of linear expansion of iron is 12x 10-8 per °C.). 
Solution: The diameter of the hole must 
70:05 cm. Let the required temperature to w 

then from eqn. (14:1), 
the increase of diameter—6 x i2 x 10-8 x (t—25) 
or, 0:05=6 x 12 x 10-8 x. (t—25) 


Example 14-3. An iron rod and a zinc rod are resp. 
30 cm. long at 0°C. At what temperature will they be 


: : Just -equal in length ? 
(Cosficient of bu expansion of iron is 12x 10-8 per C. and that of zinc is 
30 X 1079 per °C, 


Obviously increase by 6:05—6:0 
hich the plate is heated pe^ C. ; 
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Solution: Let the rods be heated to r°C., then from eqn. (14-2), 
I4 —30:05(1-- 12 x 10757), for the iron rod ; 
and //,—30(1 +30 x 107*7), for the zinc rod. 
But, since /,—/,', we have 
30-05(1 + 12 x 10757) —30(1--30 x 10757) whence t=92:7°C. 


Example 14-4. Two copper and one aluminium rods of the same length are 
oined together at their ends to form an equilateral traingle ; another rod of 
unknown material connects the vertex to the mid-point of the base rod of the 
traingle which is the aluminium rod. Show that for a small rise in the tempera- 
ture of the system there will be no tendency for its sides to buckle provided that 
the material of the unknown rod is iron whose coefficient of linear expansion 
is 1277 X 107* per °C, (Given the coefficient of linear expansion of copper and 
aluminium are 16 x 1075 and 26 x 1075 per °C. respectively). 

Solution: In the Fig... AB and AC are the copper rods and BC the 
aluminium one. Let the length of each be 2/. AP is the rod of unknown 
material. Its length is obtained from the relation P 

AP? —AB: —BP*—A4P—p-—3? 3, AP=4/31 

With rise in temperature, if the sides do not buckle 
then this means that the shape of the triangle remains 
unchanged and the above relation still hoids. So for 
a rise in temperature through ^C, 

the new length of 4B—2/(1--16 x 10-97) 
ious » Of BP=I(1+26 x 10757) SESS ee ee 
VER » Of AP—/3I(1--«t) 

where « isthe coefficient of linear expansion of the unknown material. 
Therefore, for no buckling 

[v3 + c]? — [21 416 x 10750) — [I(1 +26 x 1075;)]2 

Neglecting the higher order terms, we have, 

3(14-2«1) - 4(1--32 x 10797) — (142-52 x 10757) 
Or, 3+64t=4-+ 128 x 1075t—1— 52 x 10-8 
or, 6«1—76 x 1079; 
«—12:7 x 107*/^C. 
Hence, the unknown material is iron. 
14:5. Coefficient of Superficial Expansion. 

The coefficient of superficial (or surface) expansion of a solid is defined as the 

ractional change in surface area of the solid per degree rise in temperature. 


Thus if S, be the initial surface area of a solid substance at /j? and S, be that 
at 15^(15 7 1,), the coefficient of superficial expansion, denoted by £, is given by 


SASE SIS ] 
E Ri 3 (14:3) 
on S= S ERG oe (144) 


As in the case of linear expansion, the units of are dydevt ie of the 
units of surface area. However, they depend on the units of temperature. 
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Thus the value of 8 per °F is $ times the corresponding value expressed in the 
Centigrade scale. 

The value of B, defined by eqn. (14:3), actually gives its mean value over the 
temperature interval (t,—t;). As before, for accurate work f should be defined 
by considering the initial surface area at the temperature of 0°. 

In this connection it may be mentioned that a ring expands in area with rise 
in temperature just like a disc of the same area as the ring. 


14-6. Coefficient of Cubical Expansion. 


The coefficient of cubical (or volume) expansion of a solid is defined as the 
fractional increase in volume of the solid per degree rise in temperature. Thus, 


if V, and V, be the volumes at #,° and 1,° (t2>1;) respectively, and y be the 
coefficient of cubical expansion, then, 


= Va-VyIV, à 
y chi 1 fs s (14:5) 
or, Vi— V {l 4-y(t;— 1) at bs (14:6) 


Like the linear and superficial expansion coefficients of solids, y depends in 
the same way on the temperature scale only. Also the value of y obtained from 
eqn. (14:5) is really the mean value over the corresponding temperature range. 
Strictly, it should be defined with reference to the initial volume of the solid at 0°. 

It should be noted that a hollow vessel expands with rise in temperature just 
like a solid vessel of the same volume. : à 


14-7. Relation among the three coefficients of expansion, 


Let us suppose that a square 


plate of length /, at 5, is heated to a 
temperature tj. Due to this, the : f 


t length of each side of the square will 
Increase, the new length being 1,=1,(1+-«t), where 
X is the coefficient of linear expansion of the 
material of the plate and t—(tg—1,) [Fig. 14:6]. 
The area of the plate is then given by 


$;— L^ — hj 4 xt)? 
Since the initial area is Si=1,", we have 
$,—S,(1 T«t-—S,( T-2«t J- «?t?). 

_The term containing «* can be neglected because 
Fig. 146: Superficial « itself is very small, being of the order of 10-6. 
expansion Hence, 

S2=S,(1+42«t) 
If 8 be the coefficient of su 
plate, then, 


t GRAE EAE 


pe (14:7) 
Perficial expansion of the material of the 


S2=S,(1+ Br) 
Comparing eqns. (14:7) and (14:8) we get 
B=2« 
Again let us consider a cube of the so 
When heated to a temperature of te, 


(14:8) 


om £ (14:9) 
lid, having each side of length /, at 4,°. 
the length of each side will increase, the 
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new length being given by /,=/,(1+<1), where t=(t,—1,) [Fig. 14:7]. The 
new volume of the cube is then 

Ve=1,3=1,5(1 +41)? =1,8(1 + 3at+3a222+ a313) 

Since the initial volume of the cube is given by 


V,—h? and the terms containing «? and «? are v ———4 v^ 
negligibly small, we have E : 
V,— V4(14-3«t) - (14°10) i A 
If y be the coefficient of cubical expansion of the . u j 
material of the cube, then : Pi 
V,— Vi(12-yt) 01 (14-11) vtae M ge 
Comparison of eqns. (14:10) and (14°11) gives t2 
y=3a a (14:12) Fig.14-7 : Cubical 
expansion 
Hence, from eqns. (14-9) and (14:12) we obtain i 
DH * fs : 
"XA (14:13) 


which is the required relation among the three coefücients of expansion of 
solids. 


Measurement of the coefficient of linear expansion of a solid is comparatively 
easier. The coefficients of superficial and cubical expansion can then be 


- obtained from. the above relation, their actual measurements being quite 


unnecessary. 


Example 14-5. The base of an iron. saucepan has a diameter of 20 cm. at 
15°C. What will be the increase in area of the base of the saucepan when it iy 
filled with boiling water ? Given coefficient of linear expansion of iron==12 10-8 
per °C. 

Solution: Radius of the base—20/2— 10 cm. 

We have from the relation (14:4), 

Sa—S,=S, X B x (t —1) 

where S,— x 10? sq. cm., 8—2«—2 x 12 x 10-5 per °C., 

and ¢,—1t,—100—15=85°C, 
The required increase in area 
=m X 10? x 24 x 1075 x 85—0:6404 cm.? 


Example 14-6. A shop window is made of glass plate 2 m. by 2m., an 
allowance of 25 sq. cm. being kept for expansion. Find the maximum variation 
of temperature which this allowance anticipates. The coefficient of linear 
expansion of glass is 9x 10-® per °C. 4 


Solution : 25 Sq. cm.=25 x 10-4 sq. m. 
Here, $,—2 x 2—4 sq. m. ; and B=2«—2x9x 10-8 per °C. 
From eqn. (14:4), the increase in area 
Sp—S,=S;B(t2—ty) 
or, 25x 107*—4x2x9x10-9(/ —t) - or, (t5—1,) —34: TC. 
which is the maximum variation of temperature anticipated. 


* 
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Example 147. The volumes of a hollow and a solid brass sphere at 0°C are 
both equal to 1000 c.c. What will be their volumes on being heated to 86°F ? 
The coefficient of linear expansion of brass is 19x 1079 per °C. 

Solution: We have et X ‘or, C 25307 C; 

Hence the final temperature is 30°C. 

Here, y for brass—3 x 19 x 1075 per °C. 

Now we remember that a hollow vessel expands just like a solid vessel of 
the same volume. So the volumes of both spheres will be the same at 30°C. 
Tf this be V, then from eqn. (14-6), 

V= 1000(1-4-3 x 19 x 1079 x 30) — 1001-71 c.c. 


Example 14-8. 4 flask of volume 500 c.c. at 35°C. is made of glass having 
x—4:5x 1079 per ^C. Find (a) the contraction in volume when it is placed in 
ice-cold water at 0°C. and (b) temperature at which its capacity is 500*3 c.c. 

Solution; Here, y for glass=3«=3 x 4:5x 10-9 per °C, 

(a) From eqn. (14:6), contraction of 500 c.c., when cooled by (35—0)— 
352€. 1s 

Va- Vic Viy(ts— t) 
7500 x 3 x 4:5 x 1075 x 35—0:236 c.c. (nearly). 
(b) A contraction of 0:236 c.c. corresponds to a cooling of the flask by 35°C. 
An expansion of 0:3 c.c. will be caused by a rise in temperature 
xi XS 44°C (nearly) 
Hence the flask must be heated to 35?--44-5? —79-5*C. 


14:8. Variation of density of a solid with temperature. 


As the volume of a solid changes with temperature, its density also changes 
in a corresponding way, because the mass of the solid retains the same. Let 
us consider a solid of mass rz. If its volume at t? be V;, then the correspond- 
ing density is given by, 

ESI 
mt A 


If its volume at temperature /;? be V,, then 
Va Val dy (t5—1)) — V;(14-yt) 
where, £—(t,—1;). Its density is then given by 
m m 
P= y — y) pig hoy 
Expanding by the bionomial theorem and neglecting the higher order terms 
containing y, we get 


Pa pill —yt)=pi{l—y(t.—1,)} Er e o (1414) 
Thus, if p, and p, are the densities of the solid at 1° and 0° respectively, then 
pi po(1 — yt) oe ue (14-15) 


Example 14:9. The density of iron at 0°C. is 7:6 gm. per c.c. What is its 
density at 200°C ? (Coefficient of linear expansion of iron— 10:2 x 10-8 per C.) 
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Solution: The coefficient of volume expansion of iron 
y=3 x 10:2 x 1075—30:6 x 1079 per °C, 
p=7'5 gm. per c.c., =200°C. 
Hence from eqn. (14:15), the density of iron at 200°C. is 
pi po 1 — yt) — T-5(1— 30:6 x 10755 200) — 7:46 gm. c.c. 
14-9, Thermal Stresses. 


If the ends of a rod are rigidly fixed so that with change in temperature, the 
expansion or contraction of the rod is prevented, tensile or compressive stresses, 
known as thermal stresses, of a very large magnitude will come into play inside 
the rod. To calculate its magnitude, let us consider a rod of length / and cross- 
section A. When the temperature increases by f°, the length of the rod increases 
by /<t, x being the coefficient of linear expansion of the material of the rod. 
If the temperature now decreases to the initial value, the rod contacts and 
attains its original length. This contraction due to cooling can be prevented 
by a pull F on the rod, which must be sufficient to produce the same fractional 
change in length. From Hooke’s Law, we have for Young’s modulus. 


Stress _ Force per unit area URS 

" Strain Change in length per unit es hj 
F=AYat . ote e (14:16) 
Hence, the stress in the rod i is Fay Yat d Sic (14:17) 


Example 14-10. The ends of a copper rod exactly 3 sq. cm. in cross-sectional 
area are held between two fixed points at a temperature of 30°C. What force 
would the rod exert when its temperature is raised to 50C ? (Young's modulus, 
Y for copper—10x 10" dyne per sq. cm., coefficient of linear expansion of 
copper — 16:7 x 1079 per °C.) 

Solution :: Here, rise in the temperature —50—30—20?C. 

«=16°7 x 1079 per °C., cross-section 4—3 sq. cm., and Y for copper= 10 x 101: 
dyne per sq. cm. Therefore, from eqn. (14-16), 
Force developed, F= A Yat=3 x 10x 10!! x 16:7 x 1079 x 20 
— 10:02 x 108 dyne. 

Example 14-11. 4 steel wire of cross-sectional area 1 square mm. is held 
between two fixed supports. The tension in this wire is negligible and is just 
taut at a temperature of 30°C. Calculate the tension when the temperature falls 
to 0°C., assuming that the distance between the supports remains the same, the 
coefficient of expansion of steel is 12 X 107* per °C., and the Young's modulus of 
steel is 2'1 x 10™ dyne[sq. cm. 

Solution: As the temperature decreases, the steel wire contracts and being 
prevented in doing so by the supports, it exerts pull on them with a large force, 
The tension in the wire equals this force on the supports and is given by, 

F—AY«t 

Here 4=1 sq. mm, —10-? sq. cm. 

Y—21x10? dyne/cm?, «—12x10-9/C., t=30°C. 
-. Tension-— 107? x 2:1 x 1012 x 12 x 10-* x 30— 75:6 x 105 dyne 
: —75:6 Newton. 
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14:16. Some Applications of Thermal Expansion of Solids. / 


Many instances can be cited in which expansion serves useful purpose, while 
in others it is quite undesirable. We shall now briefly discuss some of them. 


(A) Disadvantages of thermal expansion and their remedies. 


(i) A scale gives correct reading only at the temperature at which gradua- 
tionis made. While measuring length with the aid of the scale at some other 
temperature, allowance has to be made for the fact that the scale expands or 
contracts with variation in temperature. Knowing the fluctuation of tempera- 
ture and the coefficient of linear expansion of the material of the scale, a 
correction must, therefore, be applied. In order to minimise this error, the scale 
shouid be made up of a metal whose coefficient of expansion is small. In 
common measurements where a high degree of accuracy is not required, wooden 
scales are used in preference to metallic scales. 

(ii) A glass vessel may crack when it is suddenly heated. The outer layer 
becomes heated, but glass being a bad conductor, the inside of the vessel 
remains cold. The resulting inequality in expansion sets up internal stresses 
which result in fracture. The same phenomenon is observed when boiling water 
is poured quickly into a thick-walled glass tumbler. In this case, the inner layer 
becomes hot before the outer. For this 
reason, thin walled glass vessels are «Gap 
used. Special glassware of low expan- 7 
sion coefficient (e.g., pyrex-glass) is now em A 
available for kitchen and laboratory uses. Fish plate 


' (ii) In laying railway lines, a small En So) 
i 5s left between two successive rails — oer esie ss 
to allow for expansion of the lines 
when heated. Otherwise, the huge force Fig. 14-8 
developed would buckle the lines. In each gap, a fish plate (Fig. 14-8) is joined 
with the help of iron bolts. Bolt holes 
are made oval shaped to allow for the 
expansion of the rails in the direction 
of their lengths. 

Due to similar reason, the metal 
beams supporting a long bridge are not 
firmly fastened to each pier [Fig. 14:9]. 
One end of the bridge is fastened while 
the other end is mounted on rollers to permit the beam to expand and contract. 

(iv) The compensated pendulums. 

In pendulum clocks, the time period of the oscillating pendulum varies 
directly as the square root of its effective length, which is the distance between 
the point of suspension and the centre of gravity of the bob of the pendulum. 
In summer, the length of the pendulum increases effecting a corresponding 
increase in its period. Hence the clock loses i.e., goes slow, In winter, just 
the reverse phenomenon occurs and thus the clock gains i.e., runs faster. 


Fig. 14-9 
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In order to avoid this, pendulum rods of some clocks are made of invar 
which has a very small coefficient of expansion. In accurate clocks, the effect 
of expansion is, however, completely nullified by 
using specially constructed pendulums, so that its 
effective length always remains the same. Such 
pendulums, are called compensated pendulum. Two 
types are in use : 

(a) Compensating rod type: In this type, the 
pendulum bob is held on rods of two different 
materials, say A and B [Fig. 14:10]. The downward 
expansion of the rod of metal 4 is exactly compen- 
sated by the upward expansion of the other rod of 
metal B. Thus the effective length OG, where O is 
Fig. 14:10 ; 4 Compensated the point of suspension and G, the centre of gravity 

a es of the bob of the pendulum, remains the same. 

If 4, l be the lengths of the rods and *4, «4 be the coefficients of linear 
expansion of metals 4 and B respectively, then for a rise in temperature /, the 
expansion of the rod A is given by /, «, t, while that of the rod B by Jy «t. 
For exact compensation, 


A LAU =h Xot 
or, 4L% X. e (14:18) 
h t 
Thus, if the rod A be of iron («4—0:000012/^C.) and the rod B be of brass 
(«5 — 0:000018/*C), then 


Harrison's gird-iron pendulum uti- 
lises this principle. It consists of five Steel 
Steel rods and four brass rods arranged 
alternatively as shown in the Fig. 14-11. ; 
The downward expansion of the steel Brass T Brass 
tods is exactly compensated by the 
upward expansion of the brass rods. 
It should be noted that all the rods, 
except the central one, are arranged in 
pairs. Thus, the effective expansion for ' 
each pair is equal to that of one of the 
rods only. -So the effective expansion of k E T 
the five d rods is that of three of them. Exit ER A simis 
Similarly, for the four brass rods, the 
effective expansion is that of two of them. For exact compensation, following 
relation is, therefore, satisfied : 

Total effective length of stee? _ Coefficient of linear expansion of brass 

Total effective length of brass Coefficient of linear expansion of steel 

=$ (approx.) (14:19) 


P-I/21 
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(b) Mercury type: This type of compensated pendulum (Fig. 14:12) 
invented by Graham, works on the same principle as the grid-iron pendulum. 
With rise in temperature, the steel rod expands so 
as to shift the centre of gravity downwards. But 
at the same time the mercury expands upwards and 
raises the centre of gravity by exactly the same 
amount. The effective length thus remains constant. 


(») Balance wheel: In watches, there is no 
pendulum. The rate at which the watch runs depends 
on the balance wheel. Bimetallic strips are used 
in constructiag compensated balance wheels of good 
watches. The rim of the balance wheel consists 
of bimetallic strips of brass and steel; the brass 
placed in outside layer has a larger expansion 
coefficient than that of the inner layer of steel. 
The rim is not continuous, but is divided in Fig. 1412: Graham's 

x pendulum 

segments supported by spokes as shown in the 
Fig. 14:13. Small screw weights are attached to the free ends of the segments. 
Such a balance wheel is compensated against tempera- 
ture changes. In warm weather, the Spokes expand 
in length ; in an uncompensated rim, this would 
increase the diameter of the wheel and cause the 
watch to beat slower and to losetime. With the 
bimetallic arrangement, however, the outer strip 
expands more than the inner strip for the same 
rise of temperature ; the effect is to bend the rim 
inwards at the gaps, so that the Screw-weights move 
Fig. 1413: Balance-wheel Nearer to the axis. The effective radius of the ring 

thus remains constant, keeping the time period 
unaffective by any increase of temperature. : 

The increase in temperature also makes the hair spring connected to the 
balance wheel less elastic ; this also causes the watch to slow down. The wheel 
is arranged to compensate for this effect also. 


AAA 


Mercury 


(B) Advantages of thermal expansion and some applications. 


(i: To remove a glass stopper fixed tightly, the mouth of the bottle is 
carefully heated. As a result, the mouth expands, so that the stopper gets loose. 
Similarly, a tightly fitted metal cap is opened by slightly heating the cap itself. 

(ii) Metal tyres of cart wheels are heated before they are put on the wheel. 
As they cool, they shrink and fit on the wheel tightly. The method is also used 
to fit wheels on axles or for gun barrels, so that rigid attachment is made 
without the use of set-screws. 

(iii) Rivets are heated red hot before inserting them into the holes bored 
on the metal plates to be riveted together. The rivets are then hammered and 

left to cool. On contracting, the rivets tightly hold the plates together. 
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(iv) Sometimes walls spread apart and threaten to fall. To straighten 
them, a long iron is put through the walls. On heating the rod, its ends are 
attached tightly with the wall by screwing the nuts at its ends. As the rod 
contracts upon cooling, the wails are pulled together. 

(v) Bimetallic thermometer: Fig. 14:14 shows such a thermometer, 
made up of a bimetallic strip of brass 
and invar bent in the form of an arc. 
One end A of the strip is fixed, while 
the other end B is attached to a pointer 
C which can move over a scale 
graduated in degrees. Brass having 
larger coefficient of linear expansion 
lies on the outside of the strip, so that 
when heated the strip bends more and 
the pointer moves to the right. On the 
other hand, if the temperature decreases, 
the bending of the strip decreases Fig. 14-14 : Bimetallic thermometer 
and the pointer moves towards left. 

(vi) Thermostat and Fire alarm: Thermostats, fire-alarms etc., are 
designed with bimetallic strips. A simple form of thermostat is illustrated in the 

Fig. 14:15. The bimetallic strip usually consists of 

brass and invar, the brass-side of the strip facing 

the contact to the electric circuit of the heater. 

With rise in temperature, the strip bends outwards 

and the contact is broken. Similarly, as the tempera- 

. ture falls, the strip straightens and the contact is 

Pere H restored. By suitable adjustment, the temperature 
3 : therefore can be maintained constant at any desired 
Fig. 14-15; Thermostat value. Electric ovens, electric irons and electric - 
water-heaters etc. are fitted with such thermostats ; when the temperature 

reaches the desired value, the supply is automatically switched off. 

In fire-alarms, the invar side is kept facing the contact. An electric bell is 
introduced in the circuit and the contact is kept broken. On heating, the strip 
bends towards the contact and the circuit is completed. The bell begins to 
sound an alarm. 1 

Example 14:12. The graduations on a zinc scale are correct at 0°C. 
(a) What would be the true length of a steel wire measured as 600 mm. by this 
scale at 20°C? (b) What would be the exact length of the wire at 0°C? 
(Given, coefficient of linear expansion of zinc=26 x 10-* per°C, and of steel= 
12 x 107* per°C.) 

Solution: (a) As the zinc scale is correct at 0°C. therefore, at 20°C. 
1 scale division of the zinc scale is not exactly 1 mm., but a, little greater than 
lmm. Thus, 1 scale division at 20"C.—(1--26 x 10-*x 20) mm. So the correct 
length of 600 mm. of the zinc scale at 20°C. 600 (1+26x 10-* x 20)= 
600-312 mm., which is the true length of the steel wire. ji 


hvar. 
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(b) Ifthe length of the steel wire at 0°C. be Jy, then 
l[14-12x 10-8 x 20]=600 32 <. [5=600-168 mm. 


Example 14:13. An iron scale is correct at 0°C. and the length of a zinc 
rod as measured by the scale is 160 cm. when both the scale and the rod are at 
0C. What will be the length of the rod as measured by the iron scale when both 
of them are at 100°C, the coefficient of linear expansion of iron and zinc being 
12x 107* and 26 x 10-5 per °C, respectively ? 

Solution : The length of the zinc rod at 100°C. is 100(1+-26 x 10-* x 100) = 
100:26 cm. At 100°C each cm. of the iron Scale becomes (14-12 x 10-* x 100) 
—1:0012 cm. 


This is the length of 1 scale division at 100°C. 
Hence-the length of the zinc rod as measured by the scale— oa 


Example 14-14. The distance between two railway stations is 234 km. 
Find the total space that must be left between the rails to aliow for a change of 
temperature from 3°C, in winter to 48°C. in summer. (Coefficient of linear 
expansion of iron=12x 107* per °C. j 

Solution: The total space to be left=expansion of the iron rail 234 km. 
long for (48—3)—45*C, rise of temperature, 

==234 x 12 x 10-8 x 45—0:1264 km.—126:4 m. 


Example 14-15, A steel tyre of inner diameter 99-8 cm, is to be put on a 
wheel of diameter 100 cm. Find by how much the tyre must be heated in order that 
it may just slip on. (x for steel 12x 107* per °C.) 

Solution: The inner diameter of the Steel tyre must be increased by heating 
to 100cm. .. Increase in length required —0-2 cm, 

From eqn. (14-1), h-h=h«(t,—1,) 

or, 0:2—99:8 x 12x 10-8 x (t.—1,) 
ta—t;=167°C. Hence, the tyre must be heated by 167°C. 

Example 14:16. 4 clock Which beats seconds at 20° 
made of iron. How many seconds will it lose per day 
is 40°C? («for iron=12 x 10-8 per °C), 

Solution; Let A 


C., has a pendulum rod 
when the temperature 


be the length of pendulum at 20°C, and l, be its length at 
40°C. Since time for a swing i.e., for half an oscillation is t=m/ "" , we have 
Li 
E -4 / h =, [LF 
h aav A 
t=V1+12x 10-* x20 =1-00012 sec, 
~ 1 day =86400 sec., 


Number of swings per day at 40°C. =, 84490 = 86389:6 
Hence, the clock loses (86400—86389-6) or 10'4 sec, a day 


But t,==1 sec., 


THERMAL EXPANSION OF SOLIDS 313 


Example 14-17. An iron pendulum makes 86395 oscillations in one day. 
At the end of the next day the clock has gained 5 seconds. Find the change in 
temperature (x for iron— 12x 1079 per °C.) y 

Solution : Let /,, t, and /,, fa give the lengths and the time periods for the 
lst day and the second day respectively. Let the variation in temperature 
be C. Since the pendulum makes 86395 oscillations on the first day, therefore 


tı = $8135 sec. 
Next day penduium gains 5 sec., so it makes 86400 oscillations. Thus 1,23] sec. 


t. 8640. Jh. LIT A) ERE 
7, 883957 poy igs VIFA —1--1«0 


where « is the coefficient of linear expansion of iron. 


86400 5x 108 o 
-69 — eer ae = srl e 
6x 10 0 age 1 or, 6 518370 96°C 

Example 14-18. A second pendulum which is correct at 15°C. loses 20 sec. 
per day. Find the day temperature if « for the metal of the pendulum rod be 
18 x 10-8/°C. 

Solution: Let the day temperature be (^C. Let /, and 1, be the length and 
the time for a swing of the pendulum at 15*C. and let h and t, be the 
corresponding quantities at r°C. 

tee fhe yoix x 10-° x (t—15)] 
nh l l 
Now t,—lsec. Also since the pendulum loses 20 sec. in a day, the number 
of swings completed = (86400 —20) —86380. 
Hence. 1,— $8425 sec. 
^0 §6400—11418 x 1075 x (($—15)]1/ 
Or, 1+ ya 'yg= 14-9 x 10-8 x (t-- 15) 
25«108 o 
152. 25 DOC EESADIRG: 
or, t—15 9: 8638 257 

Example 14:19. 4 compensated pendulum is made of 7 iron rods and 
6 copper rods. If each iron rod is of length 150 cm., calculate the length of each 
copper rod. Coefficients of linear expansion of iron and copper are 12 x 1075 per?C. 
and 17 x 1079 per °C. respectively. 

Solution: Here the total effective length of iron rods—4x 150 cm. and the 
total effective length of copper rods=3x/ cm., where /is the length of each 
copper rod in cm. From the relation (14:19), 

total effective length of iron _ coefficient of linear expansion of copper 
total effective length of copper coefficient of linear expansion of iron 
4x150_17x 10-6 
iro halal thet Wa Fb MEL == 141-2 cm. 
> “3x7 12x10" : si 


14:11. Determination of coefficient of linear expansion of solid. 


Determination of the coefficient of linear expansion of a solid can be carried 
out by measuring how much a rod of known length / ofthe substance expands 
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in length when heated through ¢°. The coefficient of expansion is then calculated 
from the relation 


PEE where x is the increase in length. 


In the above relation the quantities / and ¢ can be measured fairly accurately 
but the expansion in length (x) is very small. For a rod of length 1 metre raised 
through 100°C. the expansion is of the order of 1-2 mm. Hence the accuracy 
of the determined value of « will depend largely on the accuracy with which x 

can be measured. Several methods have been devised but we shall discuss here a 
laboratory method due to Pullinger in which x is measured by a micrometer screw. 

Pullinger’s method : The experimental substance is taken in the form of 
a long rod £ and is inserted in a steam jacket J [Fig.14:16]. The steam jacket 

is fixed on a wooden frame W. The 
rod E stands vertically, its lower end 
resting on a glass or marble plate P. 


LA 
TN 
Q4 7 

Vy 


VE Any linear expansion of the rod in the 
DOYAN downward direction is thereby prevented. 
CN — STEAM The upper end of the jacket is fitted with 


à cork C having a central hole. The 
upper part of the rod E passes through 
this hole so that a very small length of 
it projects outside the cork. A glass 
plate G provided with a central gap is 
placed horizontally on the frame. A 
spherometer S stands on the plate. The 
central leg of the spherometer can be 
lowered to touch the upper end of the 
rod E. Steam may be inserted into the 
Fig. 1416: Pullinger's apparatus jacket through a hole in its upper part 
as shown in the figure and goes out 
through another hole in the lower part of the jacket. The jacket. is provided 
with two more holes fitted with bored corks through which thermometers 7; 
and 7, are inserted. Usually the outside of the jacket is covered with heat 
insulating substances like felt or asbestos. 

In the actual experiment, the length (I) of the rod E is first accurately 
measured. It is then inserted into the jacket. After waiting for a few minutes, 
the readings of the thermometers 7, and T, ate noted.¢ The mean of the two 
readings gives the initial temperature (t,). The spherometer is then placed in 
position and its central leg is lowered to touch the upper end of the rod. The 
reading of the spherometer is noted. The central leg of the spherometer is then 
raised through an appropriate distance so that enough space is left for the rod 
to expand in the upward direction. 

Steam is then sent through the jacket, whence the temperatures indicated by 
T, and T, will rise. The rise continues for some time and finally the readings 
of the thermometers become steady. The readings are noted, The mean gives 


SSAA AAA; 
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the final temperature (f,). The central leg of the spherometer is then lowered 
again to touch the upper end of the rod. The reading of the spherometer is 
noted. The difference of the two readings of the spherometer gives the linear 
expansion (x) of the rod for a rise of temperature (t,—t,). The coefficient of 
linear expansion («) of the material of the rod is then calculated from the 
relation 
mec p 
K(ts—t) 

The greatest source of error lies in the measurement of x which is a. very 
small quantity. Hence the spherometer readings should be taken very carefully. 
The uppermost part of the rod lies outside the jacket and hence does not attain 
the final temperature /,. To minimise this error, the length of the rod projecting 
outside the jacket is kept as small as possible. 


e EXERCISE e 


[A] Essay type questions 
1. Describe experiments to show that a solid can have longitudinal, surface and volume 


expansion when heated, Give two examples each where expansion on heating causes incon- 
venience and where it serves useful purposes. 


2. Describe an experiment to show that different solids expand by different amounts for 
the same temperature rise. Discuss a few practical applications of this inequality in the 
expansion of different materials, 

3. Define coefficient of linear expansion of a solid. Show that it does not depend on the 
unit of length, but depends upon scale of temperature. [H. S./83] 

State the units of the coefficient of linear expansion in C, G. L2 and F, P. S. systems and 
derive the relation between the two. 

4. Describe a laboratory method for determining the coefficient of linear expansion of a 
solid. In this method, which quantity should be measured most accurately to get,correct 
result? Explain. 

5. What is meant by the statement that the coefficient of linear expansion of steel is 
12x10-* per degree C!? Will the coefficient of linear expansion be different (a) if inch is 
used as the unit of length rather than the centimeter ? (b) if centigrade scale is used rather 
than the Fahrenheit scale ? Justifies your answer. 

What would be the coefficient of linear expansion of steel in the above two cases ? 


6. Define coefficient of superficial expansion and coefficient of cubical expansion of a solid. 
Show that (i) the coefficient of superficial expansion is approximately twice that of the linear 
expansion and (ii) the coefficient of volume expansion is approximately three times that of 
the linear expansion. 

7. Describe an experiment to demonstrate the existence of forces brought into play by 
expansion or contraction of solids. Calculate its magnitude for a bar of cross-section A. 

8. Deduce an expression for the variation of density of a solid with temperature. 

The coefficient of linear expansion of iron is smaller than that of brass. Two iron and 
brass bars of same sizes are riveted together. Explain whut would happen if the bimetallic 
sirip is heated, 

Describe one practical application of a bimetallic strip. 

9. What is a ‘compensated pendulum’? Discuss the working principle of Harrison's 
grid-iron pendulum. 
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10. Explain why a wall clock goes fast in winter and slow in summer. How this clock is 
compensated against variation of temperature in all seasons ? 

Describe the action of a compensated balance wheel used in a watch. 

ll. Explain the actions of (a) Graham's Pendulum, (b) Bimetallic thermometer and 
(c) Thermostat. 


[B] Short-answer type questions 


l. An isosceles triangle is formed with three zinc rods. What will be the change of the 
base angle if there is a change of iemperature ? Give reasons for your answer. [H. S.'83] 

2. Explain the following statements : 

(a) Scales should be made up of a metal whose coefficient of expansion is very smail. 

(b) Their walled glass vessels are preferred when used to heat water. 

(c) In railway lines small gaps are left between successive rails, 

(d) Two rails are joined by a fish plate with the help of iron bolts. The bolt holes are 
made oval-shaped. 

(e) A tightly fitting metal cap 1s opened by heating it slightly. 

(f) A platinum wire can be sealed in a glass rod very easily, but not a copper wire. 

3. State whether each of the following characteristics of an iron ring increases, decreases or 
remains unchanged when it is heated : (i) internal diameter (ii) volume (iii) mass (iv) density. 

4. Some thick glass vessels crack when hot liguid is poured into them.—Explain, \ 

Why do the following not crack when so treated: (i) Thin glass beakers (ii) Thick 
vessels made of certain kind of glass ? 

5. What is ‘thermal stres’? What is its relation with Young's modulus ? 

6. Two identical rectangular plates of Copper and steel are riveted together to form a 
bimetallic strip. If it is heated, then it will (i) remain straight, (ii) bend with the copper plate 
at the convex side, (iii) bend with the Steel plate at the convex Side, (iv) get twisted. Choose 
the correct alternative. with justification. Given « for Coppere=1-710-5/°C and « for steel 
=11x 10-5/°C, LL. 1. T. 75] 

7. An iron rod is joined along a diameter to the opposite sides of a circular iron hoop. 
If the system is heated, will the hoop remain circular ? Why ? 

8. The difference between the length of a certain brass rod and that of a steel rod is claimed 
to be constant at all temperatures. Is this possible ? LU. 1. T. 74] 

9. A- brass disc fits tightly into the bore of a steel plate. Should you apply heat in order 
to remove the disc from the bore? Given that « for brass-19x 10-*/*C and that of steel 
=12x 10-9/°C, EL T731 


[C] Simple problems 


1l. A 10 m. beam increases in length by 0-24 cm, when the temperature changes from 30°C. 
to 50°C. Find the coefficient of linear expansion of the material of the beam, 

y ` [Ans. 12x107*/C] 
) 2. An iron rod, the length of which at 0°C is 2-5 metre, is heated to 250°C ; what will be 
its length now? At what temperature will its length be 250:6 centimeter ? (Coefficient of 
linear expansion for iron is 12x 10-8 per °C. [Ans. 250-75 cm. ; 200°C.] 
3. A rod of iron and a rod of zinc are both 2 metre long at 0°C. and both are heated 
equally. At 50°C. the zine rod is found to be longer than the iron rod by 0:181 cm. Find the 
coefficient of linear expansion of iron while that of zine is 0-0000298/^C. (C.U. 1927) 
j , [Ans. 11:7x 10-6 per °C.] 
4. If tlie coefficient of linear expansion of a metal be 6-000027/°C., the length being 
measured in cm. what would be its value for a Fahrenheit degree, if the length be measured 
: [Ans. 0:000015/^F.] 
5. A square metal plate, each side 100 em. long at 0*C has a circular hole of diameter 40 
cm, in the middle of it. At what temperature will the sides be 101 cm. long and what will then 

be the diameter of the hole ? (Coefficient of linear expansion of the metal— 12-5 x 10-#/°C), 


(Cambridge) { Ans. 800°C. ; 40:4 cm.] 
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6. A compound strip of brass and iron 10 cm. long at 20°C. is held horizontally with 
the iron uppermost. When heated irom below with a bunsen flame, the temperature of the 
brass is 820°C. ard of the iron 770°C. Calculate the difference in lengths of the iron and the 
brass (« of brass=19 x 10-#/°C, and of iron=12 x 10-*/*C) (London) [Ans. 0-62 mm.) 

7. A rod of iron and a rod of zinc are connected in such a way that while one expands 
upwards, the other expands downwards. They are heated through 100°C. and are found to 
expand equally. Fimd the ratio of their original lengths, if the coefficient of linear expansion 
ef iron and zinc are 12x 10-* and 30x 10-* per °C. respectively, [Ans. 5:2] 

8. The Eiffel tower in France is 335 metre high. Its extreme temperature rises (rom 0°F. 
in winter to 10)°F. in summer. The tower is made of steel of coefficient of linear expansion 
equal to 12x107*/^C. How taller is the tower in summer than in winter. 

[Ans. 2223 cm.) (H.S. '63) 

9. Find the ratio of lengths of two rods of different metals X and Y at 0°C, if the difference 
of their lengths is the same at all temperatures. The coefficient of linear expansion of the 
metals X and Y are 20x 10-* and 40 x 10-* per °C. respectively. [Ans. 2:1] 

10. The difference in length between a brass and an iron rod is Zi cm. at 20°C. What 
must be the length of the iron rod for this difference to remain at 21 cm. when both rods are 
heated to 80°C? Given « for brass-19»x 10-*/*C for irons 12x 10-*/?C, [4ns. 57cm.] 

11. Calculate the length of a zinc rod which will expand in length to the same extent 
as a platinum rod 130 cm. in length when both are heated through the same range of tempera- 


ture Given « of zinc=26 x 10-9/°C, and of platinum —9x10-*/C. [Ans. 45cm) 
12. What must be the length of a zinc rod at 59°F. if its length is to increase by 5 mm. 
when the temperature is raised to 100°C. ? « for zinc «29 x 10-*/*C. (H.S. '60) 


[Ans. 202-8 cm.] 

13. The length of a iron rod at 100°C is 300-36 cm. and at 150°C. it is 300-54 cm. Find 
the length at 0°C. and the coefficient of linear expansion of iron. [Ans. 300 cm. ; 12x J0-8/°C] 

14. A platinum wire of coefficient of linea; expansion 9x10-* per °C. and a zinc wire of 
the coefficient 2*x10-* per °C. are found to be 25:55 cm. and 25:5 cm. long respectively at 
O*C. If they are free to expand, at what te:aperature will they have the same length ? 

[Ans. 122:7°C] 

15. Three zinc rods form an equilateral triangle. Show that the base angles of this 
triangle remain unaltered even if it is heated to a fairly high temperature. 

16. A thin steel sheet at 20°C, has the same surface area as a thin copper sheet at 30°C. 
At what common temperature, if any, will the two sheets have the same area? Given « of 
steel and copper==11 x 10-*/?C. and 17 x 10-*/*C. respectively. [Ans. 48:33*C] 

17. A sheet of aluminium has an area of 24 square yards at 80°F, Find the area when the 
temperature is raised to 116°F.  Coeff cient of linear expansion of aluminium=25:5 x 107*/*C. 

- [Ans. 24-0245 sq. yd.) 

18. A sheet of steel of length 50 cm. and breadth 8 cm. is at 0°C. Its area increases by 
88 sq. mm. at 100°C. Find the coefficient of linear expansion of steel. {Ans. 11x 107*/9C] 

19. A silica rod has a diameter of 0-75 cm. at 20°C and just fits into an aluminium tube 
at this temperature. Find the temperature at which the cross-sectional area of the space 
between the rod and the tube is 0-50 mmt. The coefficient of linear expansion of silica and 
aluminium are 0:50 x 10-* and 25-5 x 10- per °C. respectively. [Ans. 24626*C.] 

20. An aluminium piston whose diameter is 20 cm. at 0:C. is placed in a steel cylinder. 
The clearance (difference in radii ) at this temperature is 0-02 cm. At what temperature of 
of the piston and cylinder will the piston just fit ? Given, the coefficient of linear expansion of 
aluminium and steel are 24 x 10-8 and 11 x 107* per °C. respectively. [Ans. 154°C.| 

21. The length of a steel span of a bridge is 0-5 kilometre and it has to withstand tempera- 
ture from 44°F. to 116°F. What allowance should be kept for its expansion if the coefficient 
of linear expansion of steel is 10-*/°C. (Jt. Entrance ’62) [Ans. 20 cm.) 

22. If the volume of an aluminium kettle at 18°C. is four gallons, how much will it expand 
when the temperature is raised to 100°C? (Tke coefficient of linear expansion for aluminium 
is 22x 10-* per/°C) [Ans. 0-02165 gal.] 
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23. A rectangular glass baking dish has a coefficient of linear expansion of 8 x 10-8 per°C. 
When taken from ice water and placed in an oven at 160°C. the dish expands 0-0386 cm. in 
length. How long was the dish before it was placed in the oven ? . [Ans. 30-16 cm.] 

24. The density of platinum at 10°C, is 21-4 gm./c.c. What is the density at 500°C ? 
Given that the coefficient of linear expansion of platinum =9 x 10-8/°C ? [4ns. 2112 gm.[c.c.] 

25. The ends of a steel rod exactly 1-5 cm. in cross-sectional area are held rigidly between 
two fixed points at a temperature of 33°C. Determine the pull in the rod when the temperature 
drops to 23°C. Young's modulus Y for steel is 2x 1011 dyne/cm.* and coefficient of linear 
expansion of steel is 11x 10-*/*C. [4ns. 3:3x10* dyne] 

26. The ends of a steel rod of cross-sectional area 3 cm.? are supported between two rigidly 
fixed, massive steel plates, What will be the total force on each plate if the temperature of 
the rod rises by 50°C? The Young's modulus Y for steel is 2:1 108 kg. wt/cm.? and the co- 
efficient of linear expansion has the value of 1*1 x 10-8/°C. [4ns. 3465 kg. wt.] 

27. Calculate the value of the linear compression stress that must be applied to the ends 
of asteel rod in order to prevent it from expanding longitudinally when the temperature is 
raised through 10°C. The linear coefficient of steel is 1-2x 10-5 per *C. and Young's moculus is 
2x 1012 dyne per sq. cm. [Ans, 2:4 108 dyne/cm.1] 

28. A brass scale is correct at 20°C. The length of a rod measured by it at 45°C is 50 cm 
Calculate, giving reasons, the true length of the rod. Given that. the coefficient of linear 
expansion of brass=18 x 10-¢/°C, [H. S. '65] [Ans. 50-0225 em.] 

29. The diameter of a steel tyre is 91:06 cm. at 20°C. The tyre just slips on a wheel of 
diameter 91-44 cm., when the tyre is heated to 369°C. Find the coefficient of linear expansion 
of steel. [Ans. 11:96x 107*/*C] 

30. A measurement of the length of a rod with a steel scale gave the value 150 mm, The 
The temperature during the measurement was 10*C. What error would be made if the divisions 
on the steel scale were made at a temperature of 25°C ? Given « of steel is 11 x 10-8/°C, 


[Ans. 0-025 mm.] 

31, Railway lines are laid with gaps to allow for expansion. If the gaps between steel 

lines 2 metre long be 0-1 cm. at 10°C. at what temperature will the lines just touch ? [Coefficient 
of linear expansion of steel is 11 X10^* per *C.] 


[Ans. 55-45°C.] 
32. A zinc ród is measured with a copper scale which gives correct measurement at 0°C, 
At 10°C. the length of the zinc rod is 100-01 cm. What is the true length at OC? Given the 
Coefficient of linear expansion for zinc and copper are 29 x 10-8 and 19x 107* per °C. 


[4ns. 100 cm. 
An iron tyre measures 198 ft. around its inner 
e tyre be raised in order that it may just slip on 
[dne  941-8*C] 
Of steel keeps correct time at 
coefficient of linear expansion of 
[Ans. 4-8 sec. (nearly)] 
t, gives the time accurately. The 
1:85x10-5 per °C, How much 
ent temperature is 10°C, higher that 7, ? 
; "[4ns. The clock loses 8 sec.] 
36. A compensated grid-iron pendulum has 5 iron rods each 1 m. long and 4 brass rods. 
Calculate the length of each brass rod if the coefficient of expansion of. iron=0-000012/°C. 
and the coefficient of expansion of brass—0:000019/*C. [Ans. 0-95 m.] 


37. The pendulum of a clock going fast makes 86405 swings per day. At the end of the 


day, however, the clock loses 10 seconds. Find the change in day temperature. « for the 
metal of the pendulum—16x 10-*/*C, (Ans. 21:7°C] 


38. The brass scale of a barometer gives correct reading at 0°C. Coefficient of thermal 
expansion of brass is 0:00002 per °C. The barometer reads 75 cm. at 27°C. What is the 
atmospheric pressure at 0°C ? (I. I. T.'77) [Ans. 75-0405 em.] 


33. A wheel is 200 ft. in circumference. 
face. How much must the temperature of th 
to the wheel? « of iron—12x 10-*/*C. 


34. A clock which has an uncompensated pendulum made 
15°C. How much it would lose per day at 259C ? Given, 
steel=0-000011/°C. 


. 35. The pendulum of a clock of length /, at a temperature 
coefficient of linear expansion of the pendulum material is 
will the clock gain or lose per day if the ambi 
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39 A brass sphere of 10 cm. radius is heated at the tate of 25°C. temperature rise per 
second, At what rate is it increasing in (i) diameter (ii) surface area and (iii) volume ? 
Given « for brass =18 x 10-#/°C, 

[Ans. (i) 0-0009 cm./sec ; (ii) 0-1131 cm.#/sec. ; (iii) 05655 cm.*/sec.] 

40. A uniform pressure P is exerted on all sides of a solid cube at temperature °C. By 
what amount should the temperature of the cube be raised in order to bring its volume back to 
the yalue it had before the pressure was applied ? 

Given: The coefficient of volume expansion of the cube is « and the bulk modulus 


of elasticity is B. (I. 1. T. '78) [ Ans. A 
<, 


[D] Harder Problems 


1, The temperature of a cylindrical steel work piece andergoing machining on a turning 
lathe rises to 60°C. Its diameter at a temperature of 10°C. should be 10 cm. The allowable 
tolerance on the specified dimension is 100x. Should a correction be made to the measure- 
ments during the machining operation to allow fo: the thermal expansion of the work piece ? 
Coefficient of linear expansion for steel is 11 x 107* per °C. [4ns. No.] 

2. Aniron wire is stretched inside a rectangular brass frame work, both ends of the wire 
being rigidly attached to the frame. The length of the wire at 0°C. is 2 metre and the diameter 
of the wire is 10 mm. What extra tension will be set up in the stretched wire when the ‘empe- 
rature of the system is raised to 40°C ? 


(Given, the coefficient of linear expansion of iron is 12x 107* per °C., and that of brass is 
18 x 10-* per °C. ; Young's modulus for iron is 21x 10% dyne/sq. cm.) [4ns. 3:954 x 10* dyne.] 


5. Two equal bars, 50 cm. long one of brass and the other of iron, are joined together 
at one end and a needle 1 mm, in diameter and carrying a pointer is clipped between their 
free ends, When the bars are heated the needle rotates through 10°. What is the temperature 
interval through which they were heated? The coefficient of linear expansion of brass and 
iron are 1:8x 10-5 and 1:2x 10-5 per °C. respectively. (Oxford and Cambridge) 

[4ns. 291'C] 

4. A steel wire is cooled from 60°C. to 0°C. Its length at 60°C is 100 metre. What is its 
length at 0°C.? If the diameter of the wire at 60°C. is 5 mm. what is its volume at 0°C. ? 
(Coefficient of expansion for steel=0-000012/°C) — (J.I.T. 1963) [Ans. 99:928 metre ; 1957 c.c.] 


5. A wire 3 metre id length and 1 mm. in diameter at 30°C is kept in a low temperature 
chamber at —170°C and is stretched by hanging a 10 kg. mass at one end, Calculate the 
change in the length of the wire. Coeffcient of linear expansion 1 2x10-5/*C. and Young's 
modulus 1:995 x 1018 dyne/cm?. [Ans. 0:188 cm.] 

6. A screw of pitch 0-5 mm. is mounted such that its tip can be moved against the end 
of a rod of length 100 cm. The other end of the rod is fixed. A circular scale attached to 
the screw has 100 divisions and when rotated fully moves against one small division of a linear 
pitch scale, each division of length 0:5 mm. At 20°C. the pitch scale reading is a little above 
zero and the circular scale reading is 92 divisions. When the temperature of the rod is raised 
to 100°C. the reading on the pitch scale is a little above 4 divisions and the reading of the 
circular scale is 72 divisions. Calculate the coefficient of linear expansion of the material of 
the rod. (LLT. 1964) [Ans. 23°75 x 10-6/°C.] 

7. It is required to prepare a steel metre scale such that the millimetre intervals are to be 
accurate within 0-0005 mm. at a certain temperature. Determine the maximum temperature 
variation allowable during the ruling of the millimetre mark. (Coefficient of linear expansion 
of steel== 13-22 x 10-* per/°C.) Q.LT. 1967) [Ans. 37:8°C.] 

8. Two strips of different metals are riveted together forming a straight bar of thickness 
O-1cm. The temperature is raised by 100°C. What is the radius of Quvatee of the bent bar ? 
Given « for the metals 18x 10-*/C and 12x 10-#/°C. j [4ns. 167 cm.] 
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9. A uniform solid brass cylinder of mass 500 gm. and radius 3 cm. is placed on frictionless 
bearings and rotated with am angular velocity 60 radians/sec about the cylinder axis at 20°C. 
If now the temperature of the cylinder is increased to 100°C. without mechanical contact, will 
there be any change in its angular velocity, angular momentum and kinetic energy of rotation ? 
Explain your answer. Caiculate the percentage changes of the above quantities, if any, assuming 
the mean coefficient of linear expansion of brass to be 2x 10-5/°C. (Jt. Entrance'83) 

[dns. yes, no, yes ; 0-32, 0, 0-32] 

10. A piece c; metal weighs 46 gm. in air. When it is immersed in liquid of specific gravity 
1:24 at 27°C, it weighs 30 gm. when the temperature is raised to 42°C, the metal piece weighs 
30:5 gm. Specific gravity of the liquid at 42°C is 1-20, Calculate the co-efficient of linear 
expansion of the metal. í (LLT. '74) [Ans. 231x 10-5/°C.] 

11. A composite rod is made by joining a copper rod, end to end, with a second rod of 
different materiai but of the same cross-section. At 25°C tke composite rod is 1 metre in 
length, of which the length of the copper rod in 30cm. At 125°C the length of the composite 
rod increases by 1:91 mm. 

When the composite rod is not allowed to expand by holding it between two rigid walls, 
it is found that the lengths of the two constituents do not change with the rise of temperature. 
Find the Young’s Modulus and co-efficient of linear expansion of the second rod. 
Given, «,,—1-7x1075C ; Y,—13x104 Newton/ms. (Jt. Entrance '84) 
[4ns.. 1-105x 10" Newton/m? ; 2x 10-5/9C] 

12. Two rods of -different materials having the same area of cross-section A, are placed 
ead to end between two massive walls as shown in the 
Fig. The first rod has a length J, coefficient of linear 
expansion x, and Young's Modulus Y;. The corresponding 
quantities for the second rod are /, «s and Y, The 
temperature of both the rods is now raised by T degrees. 
(i) Find the force with which the rods act on each other (at the higher temperature) in terms 
of the given quantities (ii) Also find the length of the rods at the higher temperature, 


Assume that there ís no change in the cross-sectional area of the rods and the rods do 
Dot bend. There is no deformation of the rods. (LLT. 75) 


i) ATY Yalili) 2 YaT lxil csla) 
ARS 1 ah «als) 1 n Tal «sls 
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¥,T(<1h+«<sls) 
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5 NS T (5 Ys Y) 
13. An iron and a copper rod differ in length by 2 cm. at 50°C, as well as at 450°C, Find 


the lengths of the rods at 0°C. if the co-efficient of linear expansion for iron=12 x 10-* deg C-1 
and that of copperz17 x 10-8 deg.C-1, (Jt. Entrance '84) 


[Ans. 6-796 cm and 4-796 cm.] 
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1 5 THERMAL EXPANSION OF LIQUIDS 
CHAPTER 


15-1. Expansion of liquids. 


Unlike solids, liquids have no definite shape ; they take up the shape of the 
containing vessel. Their lengths and surface areas are therefore not definite. 
Thus in the case of liquids, we are mainly concerned with their volums 
expansion with rise in temperature. Generally, liquids expand much more 
than solids when they are heated through the same temperature range, the rates 
of expansion being slightly different at different temperatures, The liquid 
‘water’ exhibits a particular behaviour; in a certain range of temperature it is 
found to contract with rise in temperature (vide Art. 15:9). 


Real and apparent expansion of liquids. 

Measurement of the expansion of a liquid is complicated by the fact that 
when a liquid is heated, the containing vessel is alse heated and it expands. 
For this reason, the observed expansion of a liquid is always less than its real 
expansion. The observed expansion of liquid is, therefore, apparent. Wher 
the expansion is measured by ignoring the expansion of the containing vessel, it fs 
called the apparent expansion of the liquid. But often it becomes necessary 
to take into account the effect of the expansion of the container ; on adding the 
correction necessary for the expansion of the vessel to the evra expansten 
of the liquid, we get the real expansion of a liquid. 


The distinction between the real and apparent 
expansions of a liquid will be clear from the 
following experiment. 

The apparatus consists of a glass flask provided 
with a rubber stopper and a long glass tube of 
uniform bore passing through the stopper as shown 
in the Fig. 15:1. The bore of the tube should be 
narrow. A scale stands vertically on the side of 
the tube to record the rise of liquid init. After 
filling the flask and the part of the tube upto the 
mark Q with a properly coloured liquid, the flask 
is suddenly immersed in a hot water bath. A 
sudden drop in the liquid level from O to A results, 
followed by a considerable greater steady rise of Eit 
liquid inside the tube and ultimately the liquid zs of a liquid niti 
meniscus stands at B. The sudden drop in the liquid 
level is due to the fact since glass is a bad conductor of heat, the liquid inside 
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the flask does not become immediately heated so that at first only the flask 
expands in volume. This increase in the volume of the container produces the 
sudden drop in the liquid level. 

An instant later, the liquid gets heated and the steady rise of the liquid level 
beyond the original indicates that the expansion of the liquid is greater than 
that of the vessel. Since the initial drop is sudden and short-lived, to a casual 
observer the liquid appears to expand from O to B. This is why OB is called 
the observed or apparent expansion. AB, however, is the real (or absolute) 
expansion of the liquid. Now from the Fig. 15:1, 


AB—OB--0A 
4 Real a Apparent Expansion s 
pv expansion bx expansion E. of the vessel eA 


| 152. Coefficient of real and apparent expansion of liquids. 


We have just observed that when temperature rises, both liquid and the 
containing vessel increase in volume. This phenomenon leads us to define two 
coefficients viz., real and apparent coefficients of expansion of liquids. 

The coefficient of apparent (or observed) expansion of a liquid is the 
fraction of its volume by which the liquid appears to expand per degree rise in 
temperature. 

Thus if V, be the volume of a given mass of liquid at /,^ and V, be its 
apparent volume at 1,°(t.>t,), then the apparent fractional increase in the 
V—V, 

V, 
The coefücient of apparent expansion of the liquid denoted by y, is 
given by t 


volume of the liquid — 


Ye Vtt) m m oes m (15:2) 


i apparent increase in volume 
original volume x rise in temperature 
or, Vj— Vj(1--y,t) se 5m ^ "n (15:3) 
where t—1,—1, 

The coefficient of real (or absolute) expansion of a liquid is the fraction of 
its volume by which it actually expands per degree rise in temperature. 

Thus, if V, be the volume of a given mass of a liquid at t,° and V, the real 
volume of the same mass at #,°, then y, the real coefficient of expansion of the 
liquid is given by i 

VeV i 
Y, A M ee on (15:4) 
T real increase in volume 
a eee 
original volume x rise in temperature 
or, Vz=V,(1+y,t) cd Ag a m (15:5) 
where 1—1,— t, 

As in the case of expansion of solids, the units of expansion coefficients of 

liquids depend only on the units of temperature, and not on the units of 
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volume, because volumes appear in both the numerator and denominator of the 
expressions (15:2) and (15:4). Thus the value of y, or y, obtained in the 
Fahrenheit scale is $ times of the corresponding value in the Centigrade scale. 
The value of y, is a constant for a particular liquid at a particular temperature 
but the value of y, depends on the coefficient of the expansion of the material 
of the containing vessel. 

In these definitions of coefficient of expansion of a liquid, the initial volume 
was taken to be the volume at any temperature in any part of the scale of 
temperature. Since the value of y is very small, the error which creeps ih is 
negligible. However, for very accurate work, we should alway refer to the 
initial volume of the liquid at 0°C. i 

Also in these discussion we have tacitly assumed that value of y remains 
constant over different ranges of temperature. This is not true exactly and the 
value of y is found to vary with temperature. The values defined by the above 
equations give really the mean values of y between 1,° and tj. The variation is, 
however, so small that in practice it is neglected without any appreciable error. 


15:3. Relation between expansion coefficient of liquids. 


In obtaining the relation between the real and apparent coefficients of a 
liquid, we make use of the experimental fact that a hollow container expands 
just as if the container is solid. 

Let V, be the initial volume of the portion of the container occupied by a 
liquid at 0° and V, be its final volume at temperature 1°. The volume of the 
liquid is obviously V, at 0°. If the observed volume of the liquid at temperature 
t? be V, and its real volume be V ,, then, 

apparent expansion of the liquid = V, — V,; 

real expansion of the liquid — V, — V., and 

expansion of the container == V,— Vo. 

Hence, from eqn. (1:1) (V, -V)) (V 4 — V) + (Vi Vo) 


or, V,—V,-—V,—V. (15:6) 
Now, from eqn. (15:2), we get, y, = ez Ve e: (15:7) 
o 
and from eqn. (15:4), yack e (15:8) 
Subtracting (15:7) from (15:8), we get e 
$ed. Vg Vra Ea From 15:6 

ee aS rarer V,.t t ] 
=y; where y, represents the 

coefficient of volume expansion of the material of the container. 
yr—Ya t Ys (15:9) 


Thus 
Coeff, of real Coeff. of apparent Coeff. of volume expansion 


expansion of a—expansion of the + of the material of the 
liquid liquid . vessel 
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Alternative Proof. 

Let us suppose that the liquid is contained in a graduated vessel. The 
voluine occupied by the liquid can then be read off directly from the graduations 
which give correct readings, say, at 0°. At other temperatures, corrections will 
have to be made on account of the expansion of the vessel. 

Let the volume of the liquid at 0° be indicated by the graduations as V,. f 
the temperature be increase to 1°, let the volume of the liquid as indicated by 
the graduated scale be V,. This must be its apparent volume ; thus, 

V, V. (14-y.t) e (15°10) 
where y, is the coefficient of apparent expansion of the liquid. 

Due to temperature rise, the volume of the vessel itself has expanded. 
Therefore, the volume V, as indicated by the graduated scale is actually equal to 
Vi(i+y,t), where y, is the coefficient of volume expansion of the material of 
the vessel. So the real volume occupied by the liquid at temperature t is this 
volume, V,(1--y,t) Ify, be the coefficient of real expansion of the liquid, 
then this is also equal to V,(1--y,t) 

Vi yet) - V.(3y t) T (1511) 

Substituting for V, from (15:10) in (15:11) and cancelling the common factor 
V,, we get (1-40) += (1-Fy, t) Or, y,—ya-c-Ya t YyaYat 

But the last term involving the product of two smali terms y, and y, is too 
small to be considered and therefore, 

Yr=Ya Ya 
similar to the relation expressed in (15:9). 


15:4. Variation of density of a liquid with temperature. 


With rise in temperature the volume of a given mass of liquid increases and 
hence the density of the liquid decreases. A simple relation exists between 
the change in density of liquid with temperature and its real coefficient of 
expansion y,. This relation is useful in direct experimental determination of the 
value of y,. 

Let the real volume and density of a given mass m of a liquid at 1,° be V, 
and p, respectively. The corresponding values for the same mass of the liquid 
at a higher temperature /,* are V, and p, respectively. Then m= Vip, — Vps. 


B. s 
Pa Vy 
But from the equation (15:5), V, — doa where t—1,— t; 
e ppl yt) ot (15:12) 
Since the value of y, is small, we can write, 
pa—pi(1-- yt) —p,(1—7,1) approximately — ... ive (15:13) 


Thus, in general, the density of a liquid is greater at a lower temperature 
than at a higher one. 


Example 15-1. A glass vessel is completely filled with 60 c.c. of mercury at 
20°C. What volume of mercury will flow out of the vessel if the temperature is 
raised to 40°C.? Given that the coefficient of linear expansion of glass=9 x 107* 
per°C. and the coefficient of volume expansion of mercury — 18 x 1075 per?C. 
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Solution: The coefficient of volume expansion of glass 
Y: —3x9 x 10-* per’C, 

Let V, be the initial volume of the vessel at 20°C. and y, and y, be the 
coefficient of volume expansion (real) of the liquid and of vessel respectiveiy. 

Now, volume of mercury which overflows— volume expansion (real) of 
mercury—volume expansion of the vessel. 

=V,xy, xrise in temp.— V, x y, x rise in temp. 
—(y, —y,) X V, x rise in temp. 
—(18x 1075—3 x 9 x 10-9) x 60 x 20—0-184 ce. 

Example 15:2. The coefficient of apparent expansion of a liquid is 
18 x 1075/*C. when an iron vessel is used and 14:46 x 10-5/°C. when an aluminium 
vessel is used. If the coefficient of linear expansion of iron be 12x 10-°/°C., find 
that of aluminium. 

Solution : The coefficient of volume expansion of iron 

=3 x 12x 10-°=3-6 x 10-5/°C,, 
The coefficient of real expansion of the liquid is given by 
y, —18x 10-5+3-6x 10 —21°6 x 10-5/°C. 
If the coefficient of linear expansion of aluminium be «, then 
21°6 x 1075— 14:46 x 10-5 + 34, 
<= T s 105—238 10-97C, 

Example 15:3. 4 capillary glass tube of uniform bore contains a thread of 
mercury one metre long at 0°C. When temperature is to 100°C., the thread is 
found to be 1:53 cm. longer. If the coefficient of real expansion of mercury be 
18 x 1075/°C., calculate the coefficient of linear expansion of glass. ; 

Solution : If the glass tube be of cross-sectional area 4, the volume of the 
mercury thread at 0°C. is V, —(a x 100) c.c. and at 100°C. is Vion =(4% 101753) c.c. 

From eqn. (15:2), the coefficient of apparent expansion of mercury is 
_ HW-—V. | a(101:53—100) L5. lii. o. 
"eV, X100 7 ax 100x100 15 3X 10" per'C, 

Now from eqn. (15:9), we have 18 x 10-5—15:3 x 1075--y, 

where y, is the coefficient of volume expansion of glass. 

c Yg 7277 x 1075 per°C. 
Hence the coefficient of linear expansion of glass. 


—1—9x 107* per'C. 


Example 15:4. The bulb and the stem of a mercury-in-glass thermometer 
contain up to the zero mark 1 c.c. of mercury. If the internal diameter of the 
stem be 0*3 mm., what is the length of a degree centigrade on the scale? [Ce- 
efficient of real expansion of mercury —18 x 10-5C. and coefficient of linear 
expansion of glass=8 x 10-9/*C. 

Solution: Coefficient of cubical expansion of glass=3 x 8x 10-6 

=24 x 10-5/°C, 
Coefficient of apparent expansion of mercury 
=18 x 10-5—2-4 x 10-5 =15'6 x 10-5/°C, 
P-1/22 
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Now, volume of mercury at 0°C.=1 c.c. Expansion of 1 c.c. of mercury at 
0°C., when heated to 1°C.=1x 15:6x 10S x1 c.c.= 15:6 x 10-5 c.c. Hence the 
volume of stem between 0°C. mark and 1°C. mark—15:6 x 1075 c.c. 

Since, the internal cross-section of the stem —=7(0-03/2)?=70'65 x 1075 sq. cm. 

Length of a degree centigrade on the scale 
—,156x107 0:221 om.=2-21 mm 
70654-1075 : 

Example 15:5. Show how to preserve the free volume in a glass vessel at a 
value independent of temperature by inclusion of an appropriate amount of 
mercury. Assume the coefficient of linear expansion of the glass to be 8x 107* 
per°C. and the coefficient of cubical expansion of mercury to be 1°82 x 107* per°C. 

Solution: Let the volumes of the glass vessel and of the mercury at any 
arbitrary temperature be V, and v, respectively. If ¢ be the rise in temperature, 
and the vessel has volume V and ofthis v is occupied by mercury, then the 
‘space available at temperature ¢ is 

V—v=V,(1+3X8x 10790) —v, (1x 1:82 x 10-2) 

—(V, —v.)+ (V. X24 x 1079 —v, x 1:82 x 10-4) 
In order that this free volume remains unchanged, we have the condition 
V—v=V,—Y, 
V, x24x 107*t—v, X 1°82 x 10-47 —0 


or, te 224 943 


Thus the mercury must occupy 0:13th of the volume of the glass vessel. 


Example 15:6. Calculate the density of mercury at 70°C., given the density 
at 0°C. is 136 gm.[c.c and the coefficient of real expansion of mercury is 
18:2x I07* C. . 

Solution: Here p,—density at 0°C.=13°6 gm./c.c., p,—density at 70°C., 
t=(70—0)=70°C., and y, —18:2 x 10~5/°C. 

Hence from eqn. (15°12), py=p,(1+y,1). 

or, Per reece ae 13:43 gm./c.c. (nearly) 

Example 15-7. The density of mercury at 15°C. is 13:55 gm. per c.c. At 
what higher temperature will this figure be.in error by 2 percent? Given, the 
coefficient of real expansion of mercury is 18:2 x I07* C. 

Solution: Let us suppose that the required temperature be °C. At this 
higher temperature, the density of mercury is less than 13-55 gm./c.c. by 2%. 

Density p, at (?C. —13:55—45,5 x 13:55 
—13:55—0:271—13:279 gm.[c.c. 
But pis=p [1 +y,(t—15)] 
or, 13:55—13:279 [1--18:2x 10-5(¢—15)} 
4 0271 : 
` t-B= asain tt! 
So rm10270*C. 
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15-5. Determination of the coefficient of apparent expansion of a liquid, 


The coefficient of apparent expansion of a liquid may be determined with the 
help of a weight thermometer. This consists of a small glass bulb fitted with 
a bent capillary tube as shown in the figure 15:2. 

The weight thermometer is first weighed empty. 

The open end of the capillary tube is immersed 

in the experimental liquid and the bulb of the 

thermometer is gently heated. The air inside will 

expand and therefore a part of it leaves the vessel. =a EAE 
On cooling, some liquid will be drawn into the bulb. 

A few alternate heating and cooling will be sufficient Fig, 15:2: Weight 
to completely fill the thermometer. thermometer 

Keeping the open end of the capillary tube dipped into the liquid, the 
thermometer is allowed to return to the room temperature, say 4°C. Its 
outside is dried and thermometer is then weighed. The thermometer is now 
raised to some temperature ;,?C. by placing it in water maintained at this 
temperature. This causes the liquid to expand and a portion of the liquid 
comes out of the thermometer. This excess liquid is removed. Obviously 
the thermometer is now completely filled up with the liquid at temperature 
1,°C. The thermometer is then cooled and weighed again. 

Let, the mass of the empty weight thermometer =m; gm. 

the mass of the completely filled up weight 
thermometer at /,?C—m, gm. 
the mass of the completely filled up weight 
thermometer at.t,°C.—m, gm. 
M,—m,= M, (say)=Mass of liquid filling the thermometer at 1,°C. 
ms—m,-— M, (say)— Mass of liquid filling the thermometer at t,"C. 

^ M,—M,=mass of the expelled liquid. 

Let the volume of the weight thermometer be V c.c. Jf we ignore the expan- 
sion of the thermometer, then we say that 

V— Volume of M, gm. of liquid at 1,°C. 

- Volume of M, gm. of liquid at 7,°C. 


Volume of M, gm. of liquid at tC. — x Mi 


M: 
Hence the coefficient of apparent expansion of liquid is given by 
VM,—V 
y. MMs ae me (15:14) 
VtS—t) Mat) 
mass of the expelled liquid 


mass o iquid remaining at 7,°C.-+-rise in temperature 
It should be noted that the coefficient of apparent expansion is determined in 
this method by measuring weights instead of volumes. Hence the name weight 
thermometer. The term ‘thermometer’ is due to the fact that if y, is known, 
the method can be employed for determination of unknown temperatures. 
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We can use a specific gravity bottle as a weight thermometer to determine 
the coefficient of apparent expansion. It consists of a small flat bottomed 
D glass bottle provided with a tightly fitting ground glass 
w stopper [Fig. 15:3]. A capillary bore runs centrally 
through the stopper. Ifthe bottle is completely filled up 
with a liquid, then with the insertion of the stopper, the 
excess liquid will escape through this bore. The bottle is, 

thereby, filled up with a definite volume of the liquid. 
The empty dry bottle with its stopper is first weighed. 
Let this be m, gm. The bottle is then completely filled up 
with the experimental liquid at room temperature (1,°C.). 
Fig. 15:3: Specific Noair bubble should remain inside. The outer surface 
gravity bottle of the bottle is dried and its weight (mi gm.) is determined. 
The bottle is then dipped in water maintained at a higher temperature, say 12°C. 
Theliquid inside will expand. Some liquid will therefore be expelled from 
the bottle through the bore in the stopper. When the process is completed, 
the bottle is cooled. Again the outer surface of the bottle is dried and its 
weight (m, gm.) is measured. The value of y, is then calculated as above 

from eqn. (15:14). ; 


15-6. Determination of the coefficient of real expansion of a liquid. 


The coefficient of real expansion of a liquid may be obtained by adding the 
coefficient of volume expansion of the material of the container with the 
coefficient of apparent expansion of the liquid. 

Dulong and Petit developed a method in which the expansion of the container 
has no effect on the observations and the coefficient of real expansion of the 
liquid is obtained directly. 

Dulong and Petit's method : The liquid is taken in a U tube ABCD bent 
in the form shown in the figure 1544. 
One of the arm, say AB, passes through 
a jacket J, through which ice-cold 
water is circulated. The other arm CD 
is surrounded by the jacket J, through 
which steam is passed. The thermo- 
meters T, and 7, are inserted into the 
jackets J, and J, respectively and 
indicate their temperatures. The hori- 
zontal part BC of the tube is covered 
with wet blotting paper to minimise 
the transmission of heat along it. 


The liquid in the arm CD being at 


= 
a higher temperature than that in the WATER B c 
arm AB, the density of the latter is Fig. 15:4: Dulong and Petit's 
greater than the former. Hence at Epes 


steady state, the liquid columns in the two arms will be of different heights. 
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The liquid in the arm CD being lighter will stand at a greater height than that 
in AB. With the help of a cathetometer telescope moving along a vertical 
scale, this difference in height and the height of the liquid column at lower 
temperature are measured. The coefficient of real expansion (y,) of the liquid 
can thereby be obtained as follows : 

At steady state, let the height of the cold liquid column at temperature 
°C. be h, and that of the hot column at temperature 7,°C. bé h. The 
pressures exerted by these columns must be equal. 

If p, is the density of the liquid in the cold column and p» is that of the 
hot column, we have 

hipig =hepog 

where g is the acceleration due to gravity. 

hipı=hħepa 

But Pi=Pall+-y,(te—t)] 

Hence hg=A,[1-+y,(t—t,)] 

Et, ha— 1n 2 
or, one arses Ut E (15:15) 
E Difference in height 
. Height of the cold column of liquid x Difference of temperature 
All other quantities being known, y, can be calculated out. 


{t should be noted that upper parts of the tubes were bent inwards so as to 
bring the upper surfaces of the columns close together. This enabled the 
direct measurement of the difference in height. 


Example 15:8. 4 Specific gravity bottle weighs 25 gm. when empty and 
64°65 gm. when full of alcohol at 0°C. It was placed in a water-bath at 40°C., 
then removed and allowed to cool. When cool it was carefully wiped and again 
weighed ; its weight was found to be 62:82 gm. Find the coefficient of apparent 
expansion of alcohol. If the coefficient of cubical expansion of glass is 25x 
10" per °C., what is the real coefficient of expansion of alcohol ? 

Solution : Weight of alcohol at 0°C. to fill the bottle completely 

—64:65—25— 39-65 gm. 
Weight of alcohol at 40°C. to fill the bottle completely 
—62:82—25— 37:82 gm. 
Weight of alcohol expelled —39:65—37-82— 1:83 gm. 
Rise in temperature —40°C, 
Thus, from the relation (1514) we have for the coefficient of apparent 
expansion of alcohol, 
en E 
Ya" 3T82x 40 
Again, from the relation (15:9), the coefficient of real expansion of alcohol, 
Yr —12:09 x 10-4 +.0°25 x 10-4 
= 12:34 x 10-4 per °C, 


== 12:09 x 10-4. per <C, 
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Example'15-9. A weight thermometer contains 85 gm. of liquid at 20°C. 
and on heating it to 95°C., 5 gm. of the liquid is expelled. Find the coefficient of 
real expansion of the liquid, if the coefficient of linear expansion of glass is 
0:9 x 1075 per °C. 

Solution: Mass of liquid expelled—5 gm. 

Mass of liquid left—85— 5—80 gm. 
Rise in temperature —95—20--75*C. 

Hence, from the relation (15:14), we have the coefficient of apparent expan- 
sion of liquid. 

5 2 o 
Ya= 35:775 = 0-000833 per °C. 


Also, from the relation (15:9), 
y 78:33 x 10-4-+.3x 0:9 x 10-5 
—8:33x 1074--0:27 x 10-4 —8:6 x 10-4 per °C. 

Example 15:10. 4 weight thermometer contains 200 gm. of mercury at 
20°C. When placed in an oil bath, 5 gm. is found to overflow. Find the 
temperature of the bath. Coefficients of cubical expansion of mercury and glass 
are I8 107* per °C, and 2:6x 10-5 per *C. respectively. 

Solution: Mass of liquid expelled— 5 gm. 

Mass of liquid left—200—5— 195 gm. 
Let the temperature of the bath —t*C. 
Rise in temperature — (t —20yC. 
-. The coefficient of apparent expansion of mercury as obtained from the 
relation (15:14) is 
5 
Ye = 195x q0—20) 
But, y,—1:8x 10-4 —0:26 x 10-4 =- 1:54 x 1074 °C, 


. 4 5 E 4&0 
1°54 10 = ixu or, t=186:5°C. 

Example 15:11. 4 U-tube contains a liquid, its limbs being at 0*C. and 
100°C. respectively. If the height of the cold and the hot columns be 50 cm. and 
52 cm. respectively, what would be the coefficient of real expansion of the liquid ? 

Solution: Difference in the heights of the columns —52 —50—2 cm. 

Difference in temperature— 100—0— 100°C. 


» 2 m^ 10-4/°C, 

Example 15312 In an experiment performed by Dulong and Petit's method, 
the heights of the cold and hot columns ofmercury are found to be 90 cm., and 
91°6 cm. respectively. If the first column is at I'C., find the temperature of the 
other. Given coefficient of real expansion of mercury is 18x 10-* per *C. 

Solution: Let (^C. be the required temperature. Then we have, the 
difference in the heights of two columns —91-6— 90. 1-6 cm., the height of the 
cold column —90 cm. 

y —18x 10-5 per °C. 
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Hence, from the relation (15:15), we have, 
18 x 10-5 = 


or, f-1—— 1g. qs S 


t=99°8°C. 
15-7. vie. loss of weight of a solid immersed in a liquid at different 
temperatures. 

Let the weight of a solid in air be W. When immersed completely in a 
liquid at temperature t,°C., let its weight be W. Then the apparent loss of 
weight of the body is 

W—W,;,-—M, (say). 

If V, be the volume of the solid at temperature 7,°C and p, be the density 

of the liquid, then from Archimedes' principle 
M,=Vipi 

If the weight of the immersed solid when the temperature of the liquid is 

t, C. (tt) be Wz then similarly 
W—W,=M, 
and M,=Vope 

where V, and p, are the volume of the solid and the density of the liquid at 
tC. If y, be the coefficient of real expansion of the liquid and y be the 
coefficient of volume expansion of the solid, then putting t,—1,=1, we have 

P1™ Pe a ty: t) and V;—Vi (1 +yt) 
Ms Vipi (1--yt) (1 +y,t) 
=M,(1+yt))l—y,t) 
=M;[l— (y, —y)t] ase Uer (15:16) 

Hence, M,>M,i.c., W,<W,. Thus the apparent weight of an immersed 

solid increases with rise in temperature of the liquid. 


15-8. Temperature correction for barometer reading. 


We have mentioned earlier that the reading. of a barometer should be 
corrected for temperature. We shall now explain how this is done. 

Let us suppose that a barometer is read at ¢°C. and the barometric height 
as measured from the scale be H cm. True barometric height is given by the 
height of a mercury column at 0°C. which would exert the same pressure as 
the observed column. 

To find the true barometric height, corrections should be introduced due to 
(i) the expansion of the scale and (ii) expansion of mercury. 

(i) Correction for expansion of scale: Let us suppose the scale is graduated 
at 0°C. Each division of the scale will then be exactly 1 cm. at 0°C. But at 
t*C., the length of a scale division will be (1-+<t), where «is the coefficient of 
linear expansion of the material of the scale (usually brass). Hence the correct 
height of the mercury column is 

h=H(1+a«t) 
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(ii) Correction for expansion of mercury: If p be the density of mercury at 
f"C. then the pressure exerted by the column of mercury in the barometer is 
hpg, where g is the acceleration due to gravity. 

If H, be the true barometric height and p, be the density of mercury at 0°C., 
then from definition, 


Hop,g=hpg 
or, H,—hP. 


If y be the coefficient of real expansion of mercury, then 
i Po=p(l+yt ) 


=H! +4 sb Ur (15:17 
=H: 1 n yt { ) 
which is the required expression, 
The expression can be simplified as follows : 


H,—H(l--«r)14-yr)-: 


UIT. 1973] 
Solution : Apparent loss in weight at 25°C=M,=50—45—5 gm. 


Apparent loss in weight at 100°C. =, =50—45-] — 
1—1,—100—25—75*C, 
y—3x 12x 1075—36 10-6 per'C, 
Hence from the relation (15:16), 
49—5[1—(y, —36 x 10-5)75] 


a. 5—49 0:1 
= 6 BO ae ea = 2'67 4 
or, Yr 36 x 10 5x75 5x75 2:6 x 10 


y,73:03 x 10-4/°C, 


Example 15:14, The brass scale of a mercury 


0C. Ata temperature of 20°C., the barometer indicated a pressure of 765 mm. 
Find the true barometric height. T| 


he coefficient of linear expansion of brass is 
19x 107*|C. and the coefficient of 


cubical expansion of mercury is 18 x 10-5 Pe. 
Solution: From the relation (15:18), 


H,—H[1—(y— «)r] 
Wehave, H, -:765[1—(18— 1:9) x 10-5 x 20] 
—165—765x16:1x2 x 10-4 
=765—2:46—762:54 mm. 


4:9 gm. 


barometer was graduated at 
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15-9. Anomalous expansion of water, 


In general, liquids expand when they are heated. We have also observed in 
the preceding articles that volumes of liquids increase and hence their densities 


decrease with increasing temperature. 
But the behaviour of water is rather 
peculiar within a certain range of 
temperature. If water is cooled from 
room temperature, it contracts fairly 
uniformly until the temperature reaches 
4°C. ; below this temperature instead 
of contraction, water expands with fall 
in temperature till 0°C., when it freezes 
into ice. This phenomenon is called 
the anomalous expansion of water. 
Thus, the volume of a given mass of 
water is least at 4°C. and hence its 
density is greatest at this temperature. 


Density in gm. per c.c. 
a 
š 


r 1000 Š 


0999 


0297. 


RUMP. 15437 5-6: A Bel 
Temperature ,C ——> 


Fig. 15-5: Variation of density 
of water with temperature 


Accurate determination gave the value of this temperature of maximum density 


Fig. 15:6: Hope's experiment 


of water at a pressure of one atmosphere 
as 3:98'C, With change of pressure this 
temperature also slightly changes. Fig. 15:5 
illustrates the variation of density of water with 
temperature between 0°C. and 10°C, 
Demonstration experiment. The simple 
but classic experiment to demonstrate this 
maximum density of water was devised by 
Thomas Charles Hope and is commonly 
known as Hope's experiment after him. A 
hollow glass cylinder M is almost filled up 
with water. Freezing mixture (prepared by 


mixing ice with salt) is placed in an annular trough T round the middle portion 


of the cylinder M [Fig. 15:6]. Two 
sensitive thermometers 7, and T, are 
fitted at the upper and the lower 
portions of the cylinder for recording 
the temperature of water in these 
regions. Readings of both thermometers 
are taken before placing the freezing 
mixture and are found to be the same. 
On introducing the freezing mixture, 
the readings of both of them are 
recorded at regular intervals. Graphs 
of temperature against time are then 
plotted for readings of both 7, and 7;. 


Tempersture ,C —* 


Time —> 


Fig. 15-7: Thermometer readings 
in Hope’s experiment 


The nature of the graphs thus obtained are shown in the Fig. 15:7. The 
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graphs show that at first the reading of lower thermometer falls till it reaches 
about 4°C. ; the reading of the upper thermometer at the same time remains 
almost unaffected. The reading of the lower thermometer then remains con- 
stant at 4°C., while that of the upper thermometer begins to fall. Initially the 
rate of decrease is somewhat slow ; this however quickly becomes rapid until 
0°C. is reached. If the experiment is continued for a sufficiently loag time, the 
reading of the lower thermometer slightly falls from 4*C. 

These results may be explained as follows. Due to the lowering of tempera- 
ture at the middle portion of the cylinder near the freezing mixture, the density 
of water in this region increases and hence this cold water sinks to the bottom, 
Simultaneously, warm water in the bottom of the vessel rises up ; thus a 
convection current is set up in the region of the cylinder below the trough. 
This goes on till the water in this portion reaches the temperature of 4°C. No 
convection current is set up in the upper region of the cylinder during this 
interval. So the temperature of this region remains practically unchanged. 
, Further cooling of the layer of water near the trough below 4°C reduces its 

density. This layer thus becomes less dense than the water below it and hence 
would not sink to the bottom any further. So the convection current in the 
lower region of the cylinder gets stopped and the temperature of this region 
remains fixed at 4°C, However the temperature of water in the upper region 
decreases slowly due to thermal contact with the colder water near thc trough. 
With still more cooling, the temperature of the layer of water near the trough drops 
to 0*C and after sometime, the water of this region turns into ice, Ice is lighter 
than water. Hence immediately after formation, the ice rises to the surface of 
water. From now on, the temperature of the upper region of water drops 
quickly and eventually gets fixed at 0°C. So finally a layer of ice floats at the 
top and the temperature of water immediately below it remains at 0°C. The 
water at the bottom of the cylinder remains still at 4°C, In the intermediate 
region, the temperature remains between 0°C and 4'C, its value increasing 
downwards, The fall in the reading of the lower thermometer below 4°C. 


after sufficiently long time takes place due to loss of heat by conduction to the 
upper regions. 


15:10. Effects on marine life, 


This peculiarity of expansion of water has an important bearing on marine 
life in cold countries. In these countries the temperature falls well below 0°C. 
so that the surfaces of ponds, lakes, rivers etc, freeze, while below the surface, 
water continues to exist preserving the marine life. This phenomenon happens 
due to the anomalous expansion of water. As temperature of the surroundings 
above water surface falls below 0°C, the water layer in the surface also cools 
and becomes denser, It then sinks to the bottom while the warm water in the 
lower level being less dense rises to the surface. This Process continues till the 
entire water attains the temperature of 4°C. [Fig. 15:8 (a)]. 


On further lowering of the temperature at the surface, the uppermost layer 
of water becomes lighter and hence remains at the top till it freezes into ice. 
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Since ice is lighter than water, the layer of ice so formed also remains at the top 
Moreover, both ice and water being bad conductors of heat, heat lost due fo 


(a) (b) 
Fig. 15:8: Marine life in cold countries 


conduction by water below the layer of ice to the surroundings at a lower 
temperature will be very small. Water thus continues to exi^* ;elow the surface 
layer of ice and the temperature of water increases slowly downward: from 
0°C. to 4°C. [Fig. 15:8 (b)]. Consequently, marine life is able to survive the 
severe winter of these countries. 


e EXERCISE 9 


[A] Essay-type questions 


1. Distinguish between real and apparent expansions of aliquid, Establish a relation 
between them and the expansion of the vessel which contains the liquid. 

Describe a simple method of determining the coefficient of apparent expansion of a liquid, 

2. Define the coefficient of real and apparent expansion of a liquid. Why are these two 
types of coefficients considered ? On which factors do their numerical values depend ? Which 
one of these is a characteristic of the liquid ? Find the relation between them 

3. Explain the statement— The coefficient of real expansion of mercury is 0:00018 per °C. 
Describe Dulong and Petit's method of determining the coefficient of real expansion of a liquid. 

4. What do you mean by anomalous expansion of water? How do you demonstrate it ? 
Discuss its one usefulness. 

5. (a) Find the relation between the densities of a liquid at different temperatures. 

(b) Describe a demonstration experiment to show that the density of water at 4°C is 
maximum. 

6.. Which type of expansion coefficient of a liquid is measured by the weight thermometer ? 
Describe its working principle. Why is this device called a ‘thermometer’ ? 

7. (a) Show how the apparent weight of a solid immersed in aliquid changes with rise in 
temperature. 

(b) What is establised from Hope's experiment ? Explain your answer with a description 
of the experiment. 

8. Explain with the help of a curve how the volume of a given mass of water changes 
between 0°C. and 10°C. 

Discuss the effects of anomalous expansion of water on marine life. 


[B Short Answer type question 


1 An observation made on the expansion of liquid contained in a bulb or tube does not 
give the true expansion of the liquid. Explain. 

2. A tube of small bore is attached to a thin walled metallic vessel and water is poured 
into it until it fills the bulb completely and the tube partly. Now the bulb is heated 
(i) suddenly or (ii) slowly. What changes would seem to occur in the level of water in 
the tube ? 
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3. A block of wood is floating on water at 0°C with a certain volume V above water- 
level. The temperature of the water is slowly raised from 0°C to 20°C. How does the volume V 
change with the rise of temperature ? U. 1. T. '74] 

4. A body hung from one arm of a balance is immersed in a liquid and the scale is balanced. 
Will the scale become unbalanced if the liquid is heated with the body ? If so, how will it tilt ? 

5. The top of a lake is frozen. Air in contact is at —15°C. What do you expect to be 
the maximum temperature of water: (i) in contact with the lower surface of ice, (ii) at the 
bottom of the lake ? [I I. T. 73) 

6. Explain the following : 

(a) There are two types of expansion of a liquid—real-and apparent. 

(b) Marine life survives the severe winter of the cold countries. 

(c) When the bulb of a thermometer is introduced suddenly in a hot water bath, its reading 
first falls and then rises, 

(d) The barometric height measured in room temperature needs correction. 

7. A beaker filled with water at 4°C overflows if temperature is increased or decreased. 


Explain. LI. I. T '69] 
' 8. A piece of ice is floating in a beaker completely filled with a liquid of density 1-5 
gm./c.c. Will there be any overflow of liquid when the ice melts ? Explain, LU. I. T. '80] 


9. Water is poured in a beaker containing a piece of ice. If the temperature of water 
before pouring be (i) 0°C, (ii) 4°C or (iii) 31°C, will there be any change, in the level of 
water in each case when the ice melts completely ? Justify your answer, 


[C] Simple Problems 


i. 100 c.c. of turpentine at 0°C are raised in temperature to 60°C. Calculate the new 
volume and hence the new density. Given, density of turpentine at 0*C«0:87 gm. per c.c. 
and the coefficient of volume expansion =9-4 x 103/*C.. [Ans. 10564 c.c. ; 0-82 gm. per c.c.] 

2. A one litre flask made of glass contains some mercury. It is found that at different 
temperatures the volume of air inside the flask Temains the same, What is the volume of 
mercury in the flask? [Given, the coefficient of linear expansion of glass=9 x 10-*/*C. and 
coefficient of real expansion of mercury=1-8 x 10-4/°C.] (LLT.'73) [Ans. 150 c.c.] 

3. To eliminate the influence of the change in the volume of a glass vessel when heated 
during the observation of the thermal expansion of liquids, part of the vessel is filled with an 
alloy having a coefficient of cubical expansion of 8x10-§ per °C, Determine what portion of 
the volume of the vessel should be filled with the alloy for the thermal expansion of the vessel 
to be fully compensated. The coefficient of cubical expansion of glass is 3x 10-5 per °C. 

4. A thermometer has a bulb of volume 0*5 c.c., and de ri ees ae] 
2 mm for 1°C. rise in temperature. If the coefficient of cubical expansion of mercury is 
0-00018 per °C., calculate approximately the diameter of the circular bore of the stem, neglecting 
the effect of the expansion ef the glass, [Ans. 0-24 mm.] 

5. The bulb of a mercury thermometer measures 0-25 c.c, and the capillary stem is 25 cm. 
long and 0:2 mm. in diameter, If at 0°C, mercury occupies the whole of the bulb, find the 
maximum temperature for which the thermometer can be used. (Coefficient of * parent 
expansion of mercury=18 x 1075/*C.) [4 bc ] 

6. A glass weight thermometer filled with mercury at 0°C, is heated to 100°C. 7-785 gn. 
of mercury overflows and 450 gm. remains in the thermometer, Using glycerine in place of 
mercury, the ndn figures are 2:173 gm. and 41 Em, The coefficient of real expansion 
of mercury is 18:3x 10-5 per °C, Determine (a) the coeffici i i 
(b) the coefficient of real expansion of glycerine, p Eia of = 


alcohol at O^C. It was placed in a water bath at 40°C. then removed and allowed to cool ; 
the bottle now weighs 64-53 gm. If the coefficient of cubical expansion flag 24 x105 
per °C what is the coefficient of real expansion of alcohol ? [Ans. 12:35 x 10-4 per *C.] 
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8. A weight thermometer weighs 40 gm. when empty and 510 gm. when filled with mercury 
at O*C. On heating it to 100°C., 7-01 gm. of mercury overfiows. Calculate the coefficient 
of cubical expansion of glass; given, coefficient of real expansion of mercury is 18x 10-5 
per °C. [Ans. 28:5x10-* per *C.] 

9. A weight thermometer contains 43 gm, of mercury at 0°C. When placed in an oil bath, 
1 gm. is found.to overflow. Find the temperature of the bath. Given, the coefficient of 
cubical expansion of mercury and the glass are 18x 10-5 and 26x 10-8 per °C. respectively. 

[4ns. 154-6°C.] 

10. An empty glass weight thermometer has a mass of 15-2 gm. When completely filled 
with mercury at 100°C., the mass of the weight thermometer and contents is 465-4 gm. 
Calculate the internal volume of the weight thermometer at 0°C, Given, density of mercury 
at 0°C. —13:6 gm./c.c., coeff. of real expansion of mercury=18+3 x 10-5/°C,, coeff. of linear 
expansion of glass =8 x 10-8/°C. [4ns. 33:64 c.c.) 

li. A glass weight thermometer is found to contain 32-5 gm. ofa liquid which just fills 
it at 30°C. If the coefficient of volume expansion of glass is 27x 10-8/°C. and that of the 
liquid 67 x 10-8/°C, find the mass of liquid the weight thermometer will retain if its temperature 
is raised to 70°C. [4ns. 31:7 gm.] 

12. A glass bottle with a fine stem when immersed in melting ice just contains 300 gm. 
of mercury. Calculate the amount of mercury that will overflow if the bottle is kept a 
sufficiently long time in boiling water, the barometric pressure being 76 cm. Would the 
amount of mercury be different if the pressure had been considerably lower ? (Coefficient of 
app. exp. of mercury —1/6500) (C. U. '43) [Ans. 455 gm. ; Yes] 

13. A glass vessel contains 100 c.c. of alcohol and is full at a temperature of 10°C. How 
many c.c. will spill out when the temperature is raised to 30°C ? Coeff. of linear expansion 
of glass=8 x 10-/°C., coeff. of real expansion of alcohol=11 x10-4/^C. [Ans. 215 c.c.) 

14. A weight thermometer contains m gm. of a liquid at 0°C. If y be the coefficient of 
apparent expansion of the liquid, prove that if the liquid is heated to ¢°C., the mass of liquid 
expelled is ymt (1—yt) gm. 

15. A specific gravity bottle contains 51:65 gm. of a liquid when it is full at 0°C. and 
49-3 gm. of the same liquid when it is full at 40°C. If the coefficient of linear expansion of the 
glass is 10x 10-* per °C., find : (a) the ratio of the liquid densities at 0°C. and 40°C, ; (b) the 
coefficient of real expansion of the liquid. [Anms. (a) 1:0488 ; 1:22x 10-8 per °C] 

16. A quartz weight thermometer of negligible expansion coefficient is filled with water 
at room temperature and heated. Compare the weights of water expelled between 20°C. and 
40°C. and between 40°C. and 60°C. as accurately as the following data permit. 

Mean coefficient of volume expansion of water from 20°C. to 40°C, —30x 10-5 per °C., 
from 40°C. to 60*C—45 x 10-5 per °C, [4ns. 0:673] 

17. The weights of 1 c.c. of water at 0°C. and 4°C. are respectively 0-999874 gm. and 
lgm. Find the coefficient of real expansion of water between temperatures 0°C, and 4*C, 

(H. S. '68) [Ans. 3°15 10-5/*C.] 

18. The density of mercury at 0°C. and 100°C. are 13:6 gm./c.c. and 13:35 gm./c.c, 
respectively. Calculate the coefficient of real expansion of mercury. (Ans. 1:87x 10-4/°C,) 

19. The density of mercury at 20°C is 13:55 gm./c.c. At what higher temperature 
will this figure be in error by 1 percent? Given, coeff. of real expansion of mercury is 
18:2x 10-8/°C, [4ns. 74-94°C] 

20. The density of alcohol at 0°C. is 0-83 gm./c.c. What is its density at 20°C, and 
—20°C ? The coefficient of real expansion of alcohol=11 x 10-«/°C. 

[Ans. 0-812 gm,/c.c. 0-848 gm./c.c.] 

21. A metal piece weighing 100 gm. in air is found to weigh 55:4 gm. in a certain liquid 
at 20°C. At 95*C,, its apparent weight in the same liquid is 57:9 gm. Find the coefficient 
of real expansion of liquid. (Given, coefficient of cubical expansion of metal=27 x 10-8/°C,) 

[Ans. 82x 10-4/C.} 
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22. A block of metal weighs 66:25 gm. in air, 45-75 gm. when immersed in a certain 
liquid at 20°C., and 46:63 gm. when immersed in the same liquid at 80°C. Calculate the 
coefficient of linear expansion of the metal, given that the coefficient of real expansion of the 
liquid is 7-74 x 1075 per °C. [Ans. 8°43 x 10-¢ per *C.] 


23. A sinker made of silica (whose expansion may be neglected) weighs 110505 gm. in 
air, 60515 gm. in water at OC. and 61:000 gm. in water at 50°C. Determine the mean 
coefficient of expansion of water between 0°C and 50°C. [Ans. 1:96x10-*/*C ] 


24. A column of mercury at 100°C. is balanced by a column at 20°C. Their lengths are 
50:97 cm. and 50:25 cm. Calculate the coefficient of real expansion of mercury. 


[Ans. 1.79x1074/*C.] 
25. The heights of the mercury columns in equilibrium in the two vertical limbs of a 


U-tube kept at 100°C and 0°C. respectively are 76:35 cm, and 75 cm. respectively. Calculate 
the coefficient of real expansion of mercury. [Ans. 1:8 10-4 per °C} 


26. In a Dulong and Petit’s experiment using mercury, the height of the cold column, 
which was at room temperature, was 60:2 cm. and the difference in the heights of the two 
columns was 0-9 cm. The hot column was surrounded by steam at atmospheric pressure. 
Find the temperature of the room, the coefficient of real expansion of mercury being 18 x 10-5 
per °C. [4ns. 16:94°C } 

27. The brass scale of a mercury barometer was adjusted at 0°C, Ata temperature of 
20°C. the barometer indicated a pressure of 750 mm. Reduce the reading of the barometer 
to a temperature of 0°C, The coefficient of linear expansion of brass is 18x 1076 per °C. and 
the coefficient of real expansion of mercury is 18 x 10-5 per °C. [Ans. 74-757 cm.] 


28. A glass vessel of internal volume V c.c. at 20°C is completely filled up 3/20 part.of 
it by mercury and the rest by water. The vessel with its contents was raised to a uniform 
temperature of 40°C, Calculate the volume of water at 40°C. that will overflow as a fraction 
of its initial volume. (Coefficient of linear expansion of glass=9x 10-* per °C., coefficient 
of real expansion of mercury and waters 18 x 10-5 and 30:2 x 10-3 per °C. respectively.) 


0. [4ns. 0-006] 
29. A long cylindrical vessel having a linear coefficient of expansion « is filled witha 
liquid upto a certain level. On heating, it is found that the level of the liquid in the cylinder 
remains the same, What is the volume coefficient of expansion of the liquid ? 
UL. I. T-76) [4ns. 3«] 
30. In a mercury thermometer, the mercury just fills its bulb of volume Vo at 0°C. Derive 
an expression for the length 1 of the murcury thread in its capillary at a temperature of 1°C 
assuming its area of cross-section A remains unchanged. Coefficionts of volume expansion of 
mercury and glass are ym and yg respectively. 


[Ans. Ie Pe (up) ] 
31. Cubical expansivities of benzene and wood are 1:2 - ° 
. : 2x 107*/*C and 1-2 x 1074/*C and 
their densities at 0°C are 9-0 x 10? kg/m? and 8-8 x 10* kg/m? Vaan ee At what temperature 
will wood just sink in benzene ? (Jt. Entrance '84) 
[Ans. 211°C] 
[D] Harder Problems 


1. A long glass tube of uniform capillary bore 
at 0°C. When the temperature is raised to 150°C, 
mm. longer. If the coefficient of absolute expansi 
the coefficient of linear expansion of glass. 


contains a thread of mercury 50 cm. long 
» the thread of mercury is found to be 12:3 
on of mercury be 18-3 x 10-5/°C., calculate 
[Ans. 9:3x10-*/*C ] 

gm., floats in a bath of a liquid. As the 
at a temperature of 35°C. If the density 
coefficient of cubical expansion of thc liquid. 
(LLT. 1962) [Ans. 808 107* per °C.) 


2. A sphere of diameter 7 cm. and mass 266-5 
temperature is raised, the sphere just begins to sink 
of the liquid at 0°C is 1-527 gm.jcm. 3, find the 
Noglect the expansion of the spherc. 
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3. A piece of iron fioats on mercury with 0:575 of its volume submerged when the 
temperature is 0°C. What fraction of the volume will be submerged when the temperature 
of ihe whole system is raised to 220*C. ? Given, the coefficient of linear expansion of iron 
=1:2x 1075,*C, and the coefficient of real expansion of mercury is 1-82x 107*/*C.. (Ans. 0:5965] 


4. A hollow aluminium bulb of mass 29-3 gm. is floated in benzene at 0*C. at which 
temperature the external volume of the bulb is 35 cm? and the density of benzene 0-88 gm./cm3, 
The liquid and the bulb are then warmed in such a way that their temperatures are always 
uniform and equal. Estimate the temperature at which the bulb justsinks. Given that the 
coefficient of linear expansion of aluminium is 25x 10-8 per *C. and the coefficient of real 
expansion of benzene is 12:4 x i074 per °C, [Ans. 4L 8'C.] 


5. A submarine weighing 107 gm. has to take in 10* gm. of water in order to submerge 
when the temperature of the sea is 20°C. How much less water will she have to take in when 
the sea is at 30*C ? Coefficient of volume expansion of sea water=2X10-4/°C., coefficient 
of linéat expansion of steel—1-2 x 10-3*C. dns. 166x108 gm.] 

6. A vertical glass tube, closed at the bottom, contains mercury to a height of 100 cm, 
at a temperature of 15*C. Find the height of the mercury column at 45°C. Coefficient of real 
expansion of mercury —18 x 10-5/*C., coefficient of linear expansion of glass=9 x 107*/*C. 

]4ns. 100-49 cm.] 

7. A vessel contains 8:450 gm. of water at 0°C. when the remainder of the vessel is filled 
with parafin. When the water is turned to ice at 0*C., 0:620 gm. of paraffin is expelled, 
The specific gravity of paraffin at 20°C, is 0-800 and its coefficient of expansion 0-00090/*C. 
Determine the specific gravity of ice from the above data. (London Univ.) [Ans. 0:917] 


8. A barometer with a brass scale reads 75:91 cm. at 20°C. The scale is graduated to be 
correct at 15°C What is the height of the barometer reduced to 0°C. if the real expansion 
of mercury is 18x 1075 per °C., and the linear coefficient of brass is 19x 10-¢ per °C. 

[Ans. 75:64 cm.] 

9. Determine the approximate height of mercury required in Graham's compensated 
pendulum, as a fraction of total length of the pendulum, assuming this to be iron of negligible 
weight with a coefficient of linear expansion 12x 10-* per °C, The coefficient of real expansion 
of mercury is 18x 1075 per *C. [Ans. 0-15] 


10. A compensated pendulum consists of a steel rod of negligible weight, 150 cm. long, 
which carries a. thin cylindrical vessel containing mercury to a depth A cm., the base of the 
vessel being fixed to the lower end oftherod. Taking the coefficient of linear expansion 
of steel to be 11 x 10-* per °C. and the coefficient of real expansion of mercury to be 18:2x 10-5 
per °C. find the value of h that will make the effective length of the pendulum independent of 
temperature. [Ans. 20:6 cm.] 

11. Two thermometers A and B are made of same kind of glass containing the same liquid. 
The bulb of both the thermometers are spherical. The internal diameter of the bulb in A is 
7:5 mm. and the radius of cross-section of the tube is 1-25. ; the corresponding figures for B 
are 6:2 mm. and 0-9 mm. Compare approximately the length of a degree of A with that of B. 

$ (Jt. Entrance '70) [Ans. 0:92 (nearly)] 

12. A mercury thermometer is immersed completely in boiling water and gives the reading 
of 100°C. The. stem of the thermometer is then drawn out of water and kept in such a way 
that the average temperature of the upper part of the stem from the 0*C. mark equals 20°C. 
The ihermometer then indicated a reading of 98-8°C. Find the coefficient of apparent expansion 
of mercury. [Ans. 15:2x10-5*C.] 

13. Two compietely identical thermometers are filled at 0°C. with equal volumes of 
mercury and alcohol. Find the ratio of the length / of a division corresponding to 1° on the 
mercury thermometer scale to the length /, of a division on the alcohol thermometer scale. 
The volumetric expansion coefficient of mercury is «, of alcohol «, and the linear expansion 


of coefficient of glass is £. [2 xi] 
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14. A closed glass bulb contains some mercury leaving an empty space of 1:00 c.c. at 0°C. 
On raising the temperature to 40°C. the volume of the air space is 0-98 c.c. What is the 
volume of the mercury if the coefficient of linear expansion of glass is 7:2x 10-5 and the 
coefficient of cubical expansion of mercury 1-81 x 10-* per degree centigrade ? 

(London Univ.) [4ns. 3:27c.c.] 

15. A cylinder of iron contains mercury to a depth of 10 cm at(*C. Determine the 
change in the depth of mercury if the cylinder with its contents has its temperature raised to 
100°C. « of iron-:0:0000118/*C, y of Hg=0-000182/°C. [Ans. increases by 0°16 cm.) 

16. A vessel is filled completely with 500 gm of water and 1000 gm of mercury. When 
21,200. calories of heat are given to it, water of mass 3:52 gm overflows. Calculate the 
co-efficient of volume expansion of mercury. Expansion of the vessel may be neglected. 
(Coefficient of volume expansion of water —1:5x 10-*/*C ; Density of mercury =13-6 gmjc.c ; 
Density of water —1 gmjc,c. ; Specific heat of mercury =C-03 cal/gm/°C. a. I. T. '76) 

: [Ans. , 18x 1074/°C] 

17. On a centigrade thermometer the distance between the readings 0°C and 100°C is 
30 cm. and the internal area of cross-section of the stem is 1-5x 107^ cm?. Find the total 
volume of mercury in the thermometer at 0°C. Coefficient of linear expansion of glass is 
9x10-¢/"C and the coefficient of real expansion of mercury in 18x10-8/°C.  [Ans. 294cc] 


16 EXPANSION OF GASES 
CHAPTER | 

i 
161. Expansion of gases, 

Change of pressure does not produce any appreciable effect on the volumes 
of solids and liquids. In ihe discussions of thermal expansion.of solids and 
liquids, the effect of pressure on their volumes was, therefore, neglected. The 
volumes of gases are, on the other hand, considerably affected by small changes 
of pressure. It is, therefore, meaningless to specify the volume of a givén 
mass of a gas unless its pressure is defined. The term pressure means either 
the pressure exerted by the gas itself or the external pressure acting on the gas 
because these two are equal in magnitude under equilibrium conditions. In fact, 
while studying the behaviour of a gas the pressure, volume and temperature 
ofthe gas must be taken as three variables. We shall first examine the laws 
governing the behaviour of gases, obtained. by keeping in turn any one of these. 
three factors constant and studying the relationship between the remaining two. 


16:2, Expansion of gases at constant temperature: Boyle’s Law. 

Robert Boyle, an English philosopher, gave in 1660 an important relation 
expounding the variation of the pressure of a gas with its volume, temperature 
remaining constant. It states that the pressure of a fixed mass of a gas at 
constant temperature is inversely proportional to its volume. This is known as 
Boyle’s Law, 

Thus, if P is the pressure and V, the volume of a given mass of gas, 
Boyle’s law states that temperature remaining constant, 

1 


Pe ts 
or, e or, PV=k we (16:1) 


where k is the proportionality constant which depends on (i) the mass of the 


| cem 


VOLUME V —»- 


PRESSURE ——» apicem 
Fig. 161: P vs. V plot for constant r Fig. 162 : P vs. 1/V plot for eonstant 4 
gas taken, (ii) nature of tbe ges, (iii) temperature of the gas and (iv) the 
units in which P and V are expressed. 
P-1/23 
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If the volume V of a given mass of a gas at constant temperature is plotted 
against the corresponding pressure P, a curve (a rectangular hyperbola) is 
obtained [Fig. 16-1]. It is better to plot the reciprocal of volume against 


pressure when a straight line is obtained [Fig. 16:2]. These results verify 
Boyle's law. 


16:3. Verification of Boyle's Law, 


“For the verification of Boyle’s law, an apparatus known as Boyle's law 
apparatus is used. It consists essentially of two uniform glass tubes AB and 
a CD [Fig. 16:3] capable of sliding up and down along 
two metal uprights MN and PỌ fixed to an wooden 
base. They can be kept fixed at any position on 
MN and PỌ. The upper end of AB is provided 
with a stopcock, the lower end being open. Both 
the ends of CD are open, The lower ends of AB 
and CD are connected by a rubber: pressure tubing. 
Part of the tubes 4B and CD and the whole of 
the connecting tube are filled with pure and dry 
mercury. The rest of the tube 4B usually. contains 
air. The volume of air can be noted from the scale 
in cc. etched on the tube 4B. The mercury levels 
in AB and CD can be read off from the vertically 
attached scale „S. 

In some forms of the instrument, the tube AB is 
permanently closed at the upper end and is not 
provided with any scale in c.c. etched on it. Since 
: the tube is of uniform cross-section, the volume of 
Fig. 163 : Boyle's law air enclosed in it is directly, proportional to the 

apparatus length of the air column. 

Before the experiment, the atmospheric pressure H in cme of mercury is 
noted from the barometer. The observation is also repeated after the experi- 
ment and mean H is calculated. : 

The open tube CD is slowly raised or lowered (as necessary) so that the 
mercury level in it lies a few cm. above that in the closed tube AB. After 
allowing a short time for the compressed air in AB to attain room tempera- 
ture, the readings of the mercury levels in AB (say, x) and in CD (say, y) are 
noted on the scale S. The volume V of the enclosed air is noted from the 
scale in c.c. etched on the tube AB. In this case, the pressure of the enclosed 
air is greater than the atmospheric pressure and is given by P=(H--h) cm. of 
Hg. where h=(y—x) cm. is the difference between the mercury levels in the 
open tube and the closed tube. 


The above operations are repeated a few times by slowly raising the open 
tube CD in suitable steps. 


The tube CD is then lowered slowly until the mercury level in it stands & 
few cm. below that in the closed tube AB. After allowing a short time, as 
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before, the readings of the mercury levels in 4B and CD and the volume V of 
the enclosed air are noted. In this case, the pressure of the enclosed air is 
less than atmospheric pressure and is given by P=(H—hA) cm. of Hg where 
h=(x—y) cm. These operations are also repeated a few times by slowly 
lowering the tube CD in suitable steps. 

For each set of observations, the product Px V is calculated and is found to 
be constant. A graph may be drawn by ploting V against P. It is found to be 
a rectangular hyperbola [Fig: 16:1]. [Alternatively, P may be plotted against 1/V, 
whence a straight line is obtained (Fig. 16:2)... These results verify Boyle’s law. 

Precautions: (i) The enclosed air must be perfectly dry. 

(ii) When the enclosed air is compressed or rarefied rapidly its temperature 
changes. Hence the raising or lowering of the tube CD should not be rapid and 
the readings should be taken after waiting for a few minutes. This enables the 
enclosed air to attain the room temperature, which remains practically constant 
during the experiment. 

(iii) Care must be taken against any possible leakage of air through the 
stop-cock at the top of the tube AB. It should be properly greased. 

(v) The readings of the mercury levels should be taken at their convex 
meniscus avoiding parallax, 

Example 16:1. Find the volume of a mass of gas at a pressure 100 cm. 
of Hg., if the volume of the same mass of the gas is 5 litre at a pressure 76 cm. 
of Hg. Assume the temperature of thé gas to be constant. 

Solution: Here, P,—76 cm. of Hg, V,=5 lt, P,—100 cm, of Hg, Let 
V, be the required volume of the gas. Since tlie temperature of the gas remains 
constant, applying Boyle's law we get, 

PV PV, 
or 76x5-—100x Vy 
V,—3:8 It. ; 

Example 162, The volume of a bubble of air increases 3 times in rising 
from the bottom to the surface of water in a lake, Calculate the depth at which 
the bubble was formed, when the atmospheric pressure is 76 cm. of mercury. 

Solution: Let the bubble be formed at a depth of h cm. below the water 
surface. If the volume of the bubble at the surface be v c.c. then at the bottom, 


its, volume is x c.c. At the surface, the pressure on the bubble—76 cm. The 


Pressure due to the water column of height h cm.= GE cm. of mercury. ie 
Hence at the bottom, the pressure on the bubble = (3 em. 


B hv 
So, from Boyle's law, (rs =76 v. 
or, h=2067:2 cm.—20'67 m. 
Example 163. On introducing an air bubble into a barometer tube of 10 
Sq. cm. cross-section, the mercury level falls to 66 cm. from 76 cm. if the 
dength above mercury. column before introduction of the bubble was 5 cm., what 
is the volume of the bubble under normal atmospheric pressure ? 
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Solution: Since the mercury level falls by 76—66— 10 cm., the space 
occupied by air—10--5—15 cm. in length and thus it occupies the volume 
—15x10—150 c.c. Evidently, the pressure of this air is equal to .10 cm. of 
mercury. If V be the volume of the bubble under normal atmospheric pressure 
which is equal to 76 cm. of mercury, then from Boyle's law, 

Vx16—150x10 or, 7/—19:7 c.c. 


Example 16:4, A flask whose capacity is 1 litre is dipped into a water 
reservoir with its mouth downwards. How far must it be dipped for 200 c.c. 
of water to enter into the flask ? Given, atmospheric pressure —76 cm. of mer- 
cury, and density of mercury —13:6 gm. per c.c. 

Soiution: Let us suppose that when ihe flask is dipped through h cm. 
below the water surface, 200 c.c. of water enters into it. Ifthe pressure of 
the confined air at that position be P, we have from Boyle's law, 1000x 76— 
P x800 or, P—95 cm. of mercury. 

Hence, the excess pressure at the depth of / cm. over that acting on the 
free surface of water—(95—76)—19 cm. of mercury. Since the excess pressure 
is caused by the water column of height h cm., we have, hx1xg-—19x13:6xg 
or, h—258:4 cm. 

Example 165, A vertical cylinder of total length 1 metre is closed at the 
lower end and is fitted with a movable, frictionless, gas-tight plug at the other 
end. inside the cylinder an ideal gas has been entrapped forming 94 cm. gas 
column when there exists equilibrium between the gas and the atmosphere. 
Mercury is then poured on the top of the plug until it overflows and the plug 
descends through 30 cm. Find the atmospheric pressure, assuming the tempera- 
ture of the system remains constant and neglecting the weight of the plug. 

Solution: Let P cm. of mercury be the atmospheric pressure. Initial 
volume of the gas entrapped into the cylinder at the atmospheric pressure is 
94x« cc. where « em,” is the area of cross-section of the cylinder. 

When mercury is poured, the volume of the gas entrapped at the pressure 
(P+30+-6) or (P+-36) cm. of mercury—(94— 30) x «—64 x « c.c. 

Since the temperature of the gas in constant, from Boyle's law, 

Px94x «—(P--36) x 64x « 
whence, P—76:8 cm. of mercury. 


Example 16:6. In the middle of a narrow horizontal tube sealed at both 
ends is a column of mercury 12 cm. in length. Both halves of the tube contain 
air under a pressure of 76 cm. of mercury. By what distance will the mercury 
column be displaced if the tube is held vertically ? The length of the tube 
is I m.. 

: Solution : We denote by P, the pressure of air in both halves of the tube 
in horizontal position, by /, the length of tube occupied by the gas in each half 
of the tube in the horizontal position, by P, and P, the gas pressure in the 
upper and lower halves ofthe tube after being placed in a vertical position, 


by h the length of the mercury column and by x the displacement of the mercury 
column. 
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Applying Boyle’s law, 
laPa=(l +x) P, for the upper half 
I Py—(Ily — X) P, for the lower half 
and, P,—P,4-h 


Here, eem oe cm., P,—76 cm. of Hg., h=12 cm. We get, on 
solving above equations, 
x=3-5 cm. 


Example 1677. A simple barometer contains a little air in the Torricellian 
space above the mercury column. It reads 73:5 cm. when the true atmospheric 
pressure is 76 cm., and 72:4 cm. when, the true pressure is 747 cm. Find 
(i) the length of the barometer tube itself, measured from the free surface of 
the mercury in the bowl (ii) the true atmospheric pressure when this barometer 
reads 75 cm., assuming the temperature to be constant, 

Solution: (i) Let the length of the barometer tube measured from the 
free surface of the mercury in the bowl=/cm. In the first case, the air in the 
Torricellian space is under (76 —73:5) —2:5 cm of mercury pressure. 

The volume occupied by the air—(/—73:5) x « c.c., 

where « is the area of cross-section of the tube. 

In the second case, the pressure of air in the Torricellian space—(74:7 —72-4) 
—2:3 cm. of mercury, when the volume of air in the space=(/—72°4) x « c.c. 

Since temperature remains constant, we have, from the Boyle's law, 

2:5x (I—73°5) x «=2'3 x (1-724) x « 
whence, /—86:15 cm. 

(ii) When the barometer reads 73:5 cm. the volume of the air enclosed — 
(86:15—73:5) x «—12:65 x « c.c. and the pressure acted upon it—(76—73:5)— 
2:5 cm. of mercury. 

When the barometer reads 75 cm., the volume of the air enclosed— 
(86:15—75) x «—11:15x « c.c. 

Let P be the true atmospheric pressure, so that the pressure of air in the 
enclosed space —(P— 75) cm. of mercury. 

Hence, from Boyle's law, 

(P—75) x 11°15 x «—2:5x 12°65 x « 
or, P=77:84 cm. of mercury. 


164. Expansion of gases at constant pressure ; Charles’ Law. 


In 1787 Jacques Charles, a French scientist, carried out an investigation into 
the expansion of a given mass of a gas at constant pressure. He found that 
equal volumes of all gases expand ordinarily by the same amount for the same rise 
of temperature provided that the pressure remains constant. In 1802, Joseph Louis 
Gay Lussac reached the almost similar conclusion independently: He found that 
at constant pressure the functional change in volume of a given mass of a gas at 
0*C. per degree centigrade rise in temperature is approximately equal for all gases. 
Regnault in 1842, found experimentally that the fractional change. in volume of 
gas ai 0°C. is almost equal to y or 0:00366 per °C. rise of temperature. 
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Thus when Gay Lussac’s and Regnault's: contributions are taken into 
account, the Charles' Jaw in the complete form stands as : 

The pressure remaining constant, the volume of a given mass of any gas 
increases (or decreases) by the constant fraction 44 of its volume at 0°C. for every 
degree centigrade increase (or decrease) of temperature. 

Let V, denote the volume of a given 
mass of a gas at 0°C. and V, be the volume 
of the same mass of the gas at 7°C., the | ponerent 


pressure in both cases being the same; then 


from Charles’ law, the increase in volume ig 
of the gas 3 
^. eo 
Volume at OC. rise in temperature T 
213 
NO ViVe = » xt TEMPERATURE t°C—> 
Fig. 16:4: V vs. t plot at 
or, VV, ( + yn] see (16:2) : constant pe ia 


A plot of V against ¢ at constant pressure is a straight line as shown in’ 
the Fig. 16:4. 


Example 16:8. A certain mass of air at 60°C. occupies 170 c.c. What 
volume will it occupy (a) at 0°C., (b) at 15°C., the pressure remaining unaltered ? 

Solution: (a) Let the volume of air at 0°C. be V, ; then from eqn (162), 

170 —V, (1--49,) or, V, —139:4 c.c. 

(b) Let the volume of air at 15°C. be V, Since the volume at 0°C. is 
139:4 c.c., hence from eqn. (16:2), 

^ V,139:4(1-- 44.) or, V,—147:1 c.c. 
165. Pressure Law. 


On keeping the volume of a given mass of a gas constant, if the temperature 
be varied, the pressure of the gas changes. The relation giving the variation of 
pressure of a given mass of a gas at constant volume with temperature is known 
as the Charles’ law of pressure or simply Pressure Law. 


The law states that volume remaining 

constant, the pressure of a given mass of any 

gas increases (or decreases) by the constant 

fraction 4*3 of its pressure at 0°C. for each 

degree centigrade increase (or decrease) of 
temperature. 

If P, and P, are the pressures of a given 
mass of gas at 0°C., and /^C. respectively, 
then volume remaining constant, 

a t . 
P,—P, (i e (63) 
; A plot of P against ¢ at constant volume 
is, therefore, a straight line as shown in the Fig. 16:5, 


PRESSURE P—> 


TEMPERATURE t' —*» 


Fig. 16:5: P vs. t plot at 
constant V 
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16-6. Volume and Pressure coefficients of a gas, 


In the case of gases, since with a change in temperature both the volume 
and pressure of the gas may vary, it is necessary to distinguish between two 
coefficients: (1) the volume coefficient, y,, at constant pressure and (2) the 
pressure coefficient, y,, at constant volume. 

The volume coefficient y, of a gas may be defined as the fractional increase 
in volume of the gas at 0°C. for each degree centigrade rise in temperature, the 
pressure being kept constant. If V, and V, be the volumes of a given «mass of a 
gas at 0°C. and (^C. respectively, then 
. fractional increase in volume 
E rise of temperature 
LOG VS) V, 

t 


> 


or, V,—V, (1+ yt) E e (16:4) 

This relation is equivalent to Charles' law as stated in equation (16:2) and 
on comparing we see that y, is equal to +y or 0:00366 per °C. 

The pressure coefficient y, of a gas may be defined as the fractional increase 
in pressure of the gas at 0°C. for each degree centigrade rise in temperature, the 
volume being kept constant. If P, and P, be the pressures of a given mass of a 
gas at 0°C. and /^C. respectively, then 

_ fractional increase in pressure 
as rise of temperature 
-@ i, DO 
t 


or, P,—P, (I--y,t) s is (16:5) 

The relation is just the same as that stated in pressure. law by equation (16:3) 
and y, is equal to x}, or 0:00366 per °C. 

The following important points are worth mentioning in the connection. 

(i) The values of the two coefficients are the same for all the gases. This is 
an important distinction between the property of gases and that the solids and 
liquids where the coefficients of expansion vary from one to other. 

(ii) Instudying the expansion of a gas, it must always be enclosed in a 
container as in the case of aliquid. However, unlike liquids we did not make 
any distinction between the apparent and real coefficients of expansion of a gas. 
This is so because the expansion of a gas is about 100 times that of a solid 
and hence the expansion of the container may be neglected except for a very 
accurate work. 

(iii) While defining the coefficients for a gas, we always referred to the 
initial volume or pressure at 0°C. in contrast to the case of solids and liquids, 
where the initial lower temperature may lie anywhere in the temperature scale. 
The reason behind is that the coefficient of expansion of a gas is not very small 
like solids and liquids: So if the initial temperature be not definite, then in the 
case of gases, a large error creeps in ; the corresponding errors in the case of 
solids and liquids are negligibly small. 
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The following example will help to clarify this point, Let us suppose thaf 
ata certain pressure, a given mass of gas occupies a volume 546 c.c. at the 
temperature 0°C. Then pressure remaining constant, its volumes at the tempera- 
tures 100°C. and 200°C. are obtained from Charles’ Law as 


E 100) _ 100. 
Viv =V; ( tm] =546 (1 *2ss] =746 c.c. 
Vas Vo (1-207 —546 (29) 293. de. 


If, however, the initial volume is taken to be that at 100*C., then the volume 
at 200°C. would have been 


(200 — 100) 100: $ 
=V, p o| 1+ 200-1001. 100) 1019-2 c. 
Vsoo iof 273 ] 746(1 tan] 1019-2 c.c, 


which differs bysa large amount from the previously calculated correct value. 
Hence the importance of taking the initial values always at 0°C, in dealing with 
the expansion of gases, 

Example 16:9. A certain quantity of air occupies a volume of 500 c.c. at 
0°C. and 1 litre at 273°C. Find the coefficient of expansion of the air at con- 
stant pressure, 

Solution: Here V,—500 c.c. 

V,=1000 c.c. 
t=273°C 

Applying eqn. (16:4), we get 

1000=500(1+-y,,.273) 


OF) 1273, = Tor, y» 3, Pet °C, 


167. Equality of pressure and volume coefficients (theoretical proof) 

In the foregoing article, the values of both Yp and y, are taken to be the 
same, viz. s), which followed as the consequence of experimental observa- 
tions. However, the equality of the two coefficients can be justified from the 
theoretical standpoint for gases obeying Boyle's law and Charles’ law. 

Let us suppose that a given mass 
of a gas at 0°C. has a pressure P, 
and a volume V,, and that it is 
heated to a temperature :^C, This 
change of temperature can be effec- 
ted in two alternative ways viz. at 
constant volume, when the pressure 
changes to a value P, or at constant 
pressure, when the volume changes 
to a value V. These two alternative 

Fig. 16:6: Volume and pressure ways are illustrated diagrammatically 
coefficients in the Fig. 16:6. 

When the temperature of the gas changes at constant volume, the final 

pressure of the gas is given by the Pressure law as x 
P.=P,(1+y,t) e (166) 


3 
à 
a 
E 
* 


E 
è 
: 
à 
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Similarly, on changing the temperature at constant pressure, the final volume 
is given by Charles’ law as 
V,—V, (1A-y,t) 
or, p e Ltygt E. 5^ (16-7) 


Since the final temperature (°C. is the same in either of the two cases, it 
then follows from Boyle’s law, 


PAV PV 
P, LY, $ s 168) .. 
9f 1 y Y. . (16:8) 
Combining the equations (16-7) and (16:8), we get 
B 
2 l-Eyst | 
or, P,=P,(1+y,t) E oom (16:9) ° 
Comparison of equation (16:9) with equation (16:6), shows 
Yo—Yy» 


16-8. Verification of Charles’ Law. 


The apparatus consists of a U-tube of glass having a bulb B at one end, 
the other end 4 being oper to the atmosphere [Fig. 16-7]. The bulb and the : 
Part of the tube near it are graduated in c.c. Some quantity of dry air is 
enclosed in the bulb, while the lower part of the 
U-tube is filled up with concentrated sulphurie acid. 
The volume of enclosed air can be read off direetly 
from the graduations. The sulphuric acid acts as 
a pressure gauge. A short tube provided with a 
stopcock C is fitted at the bend of the U-tube. 
The sulphuric acid in the two limbs of the U-tube 
can be maintained at the same level by adjusting 
the quantity of acid. This is done either by opening 
the stopcock carefully so that some acid drips out 
or by pouring in fresh acid at 4. The entire 
U-tube is immersed in water contained in the. glass 
jacket J. The temperature of water can be raised 
to a desired level by allowing steam from a boiler 
to pass through the copper tube D. Water may 
be stirred by means of the stirrer S. The whole 
apparatus is mounted on a vertical wooden frame. 
A thermometér T' is so arranged that its bulb lies 
very close to the bulb B. 

At first, the temperature indicated by the thermometer is read off after a 
thorough stirring of water. The acid levels in the two limbs of the tube are 
adjusted to be same. Consequently, the pressure of this enclosed air becomes 
equal to the atmospheric pressure. Its volume is then noted. 


Fig. 16-7 
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. Steam is then passed through the tube D. The water is stirred briskly. As 
the air in the bulb is heated, it pushes down the acid level in the closed limb. 
When the temperature has risen by a suitable amount, the steam supply is 
regulated to maintain the temperature steady at this higher value which is noted. 


‘The acid levels in the two limbs are adjusted to be same and the volume of air ` 


iş recorded. This process is repeated to obtain different values for the volume 
of the air at different temperatures but at constant pressure (ie. atmospheric 
pressure). 

A graph is drawn with temperature as the abscissa and the volume as the 
the ordinate. The graph is found to be a straight line as shown in Fig. 16-4. 
This verifies Charles’ law. ; 

During the experiment, the atmospheric. pressure may change producing 
error. Thus the barometric height must be recorded both before and after the 
experiment to check its constancy. Error also creeps in due to the volume 
expansion ofthe glass bulb B. The necessary correction is a very small one 
and may be calculated. 

N.B. From the graph, the value of the volume coefficient y» of the gas 
may be found out. By extrapolation, the volume V, at 0°C. is found out. 
From any other point of the graph V, and ¢ are obtained. Hence the value of 
y, may be calculated by using the equation (16:4). 


169. Absolute scale of temperature. 


-A closer look into Charles’ law provides a very important concept of the 
existence of a lowest limit to the value of temperature realisable in practice. 
From Charles' law, we know that at constant pressure, the volume ofa given 


mass of a gas at certain temperature ¢°C. is given by, Vi- V. (ta ). The 


volume of the gas at the temperature —273°C, is thus, 
Visis=Vo ( +e =0 

A remarkable result showing that volume of a gas reduces to zero at the 
temperature of —273°C. At a temperature lower than this, the volume as 
calculated from the above equation, turns out to be negative, which is absurd. 

Again from the Pressure law, the pressure ofa given mass of a gas at 
constant volume decreases by y}, of its pressure at 0°C, Thus it follows similarty 
that the pressure of a gas at constant volume will become zero at —273°C, At 
any temperature lower than this, the pressure exerted by the gas will become 
negative, which is impossible. 

. Hence at. temperature —273°C., neither the volüme nor the pressure of a 

given mass of a gas does exist. This temperature at which the calculated 


volume or pressure of a gas becomes zerois thus the lowest temperature 
attainable and is called the absolute zero of tempera 


í ture. Accurate observa- 
tians, however, give the absolute zero as —273:16*C. 

It should be noted that in arriving at the conclusion, we have assumed tbat 
a gas continues to follow the Charles’ law and the Pressure law, no matter how 


ALS 
273 
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far the temperature is lowered. Actually, however, all gases liquefy before the 
temperature —273°C. is reached and then the gas laws are no longer applicable. 
Hence it is physically impossible to reduce the pressure and the volume of a gas 
to zero. But the concept is theoretically valid and we may restate it as—if the 
law expressing the variation of volume or pressure of a gas with temperature 
remains valid, then the volume or pressure of a gas disappears at —273°C. 

The above concept of absolute zero of temperature can also be arrived at 
from the volume-temperature (Fig. 16:4) and pressure-temperature (Fig. 16°5) 
graphs. If the straight-line graphs 
representing the behaviour of the 
gas at moderate temperatures are 
extrapolated, they will cut the tem- 
perature‘axis at some point, marked 
A as shown in the Fig. 16°8. 
Moreover, if different sets of graphs 
are drawn with different samples of (CPU EL nin B 
gas, the extrapolated curves will cut ECL CE m a d 
Ü d C:-273-200 -100" 0 100 — 200 300 
in each case the temperature axis at K cx am 273° s ants 
the same point A. This point is 7 E 
found to lie at —273°C. Since the Fig. 16:8: Existence of Absolute . 
corresponding volume or pressure zer UP UR een ae 
is zero, this temperature, therefore, gives the absolute zero of temperature. 

So it is seen that the concept of absolute zero of temperature is true 
regardless of the kind, amount and initial pressure or volume of the gas. Thus, 
unlike centigrade zero, which depends on the behaviour of a particular material 
such as water, the absolute zero is more universal and more fundamental. 

A new scale of temperature can be introduced in which the zero of thé scale 
coincides with the absolute zero of temperature. This scale is called the absolute 
scale of temperature. This scale is also known as the kelvin scale of temperature 
in honour of Lord Kelvin who first laid theoretical basis of the absolute scale. 

In the absolute centrigrade scale of temperature, there are 100 divisions 
between the ice point andthe steam point. Thus each degree in this scale 
equals that in the centigrade scale. Therefore, the scale of temperature in 
which temperatures are measured from the absolute zero (—273°C.) and in which 
each degree interval is equal to a degree interval on the centigrade scale, is called 
the absolute centigrade scale of temperature. The readings on this scale are 
expressed in **degrees Absolute (°A)” or “degrees Kelvin (^K)". The ice-point 
temperature in this scale is 273°K., the steam-point temperature is 373°K. and 
in general, the absolute temperature T°K. corresponding to a temperature r°C. 
is given by, 


T^K.—2734-:*C. sie rm (16:10) 
On the Fahrenheit scale the value of the absolute zero can be obtained from 
the relation (13:1). Putting C— —273*, we get 


273 F—32 459.4» 
P OS F——459:4 
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Thus, on the Fahrenheit system the value of the absolute zero is equal to 
—459:4F. Another scale, known as Rankine scale, starts with this temperature 
(—459:4*F.) as its zero and on this scale each degree interval equals the degree 
interval on the Fahrenheit scale. Hence any temperature T°R. on the Rankine 
scale is given by, 

TR.—459:4--tF. en a (1611) 


16°10. Charles’ law and Pressure law in terms of Absolute Temperature. 


If we express temperature on the absolute scale, both Charles’ law and 
Pressure law can be formulated in a much simple manner as shown below. 

(a) Charles’ law : 

Pressure remaining constant, the volume V of a fixed mass of gas at tempera- 
ture 1°C., is given by, 


s 125 0273-103 Ws 
V-—V. (1+ jn] Vol ra ) 573 P. where T is the absolute temperature 


corresponding tor°C. If the temperature changes to r'°C., the new volume is 
given by, 


it PON sy BEEN Ve y 
V-V im r a s T 
T' being the absolute temperature corresponding to t’°C, 


pom or, Yn 3t. T (16:12) 


ie., + =a constant, when P is constant. Hence, Voc7, when P is constant. 


In other words, at constant pressure, the volume of a given mass of any gas is 
directly proportional to its absolute temperature. 


(b) Pressure law : 


If the pressure ofa given mass of gas at temperature #°C. and (^C. be P 


and P' respectively, then volume remaining constant, we have from Pressure law 
(eqn. 16:3), 


SPE | eee eor T AE TE 
P= (i) =e. (14-395) =F 
where T°K. and T"K. are the absolute temperatures corresponding to the 
temperature t°C. and /"C. respectively. 
P STO ODE E. 
Thus, P T T T tee $$. (16:3) 


wA : 
ie., T =a constant, when V is constant, Hence Poc T, when V is constant. 


In other words, volume remaining constant, the pressure of a given mass of any 
gas is directly proportional to its absolute temperature. 


Example 1610. At what temperature will the volume of a given mass of 
gas is double of what is at 30°C., if the pressure remains ier 
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Solution: Let 1°C be the required temperature. Then applying oqa, 
(16:12), we have, 


or, 273+t=606 or, t=333°C. 

Example 16:11. At constant pressure, 10 litre of a certain gas expands to 
11:27 litre when heated from 0°C. to 347°C. Calculate from this data the 
value of the absolute zero on the centigrade scale. 

Solution : Let the value of the absolute zero be ToC. Now from Charle's 
law [eqn. 16:12], 


E 


Now, t,=0°C, V,=10 litre 
and  /,—-34-T7C,  V,—11727 litre 
10  Á —7,-0 
11:27 =T, F341 
or, .—1:2715—347- 7, 434—273: 2C. 

Example 16:12, Five litres of air at N.T.P. are heated in such a way as 
to keep its volume unchanged. Calculate the temperature of the air when its 
pressure becomes 5 atmosphere. 

Solution: Here, P,—1 atmos., 7,—273^K. ; P,—5atmos. Since the volume 
is constant, applying Pressure law (eqn. 16:13) we get, 


Beh c uL 05 TRIBES. 
g 


The required temperature=1365—273 = 1092°C. 

Example 16°13. A cylinder closed at both ends is divided into two parts. 
by a thermally insulated piston. Both halves of the cylinder contain equal — 
masses of a gas at a temperature Of 37°C. and a pressure of one atmosphere. 
What distance from the centre of the cylinder will ihe piston move if the gas 
in one section is heated to 67°C..? The initial length of each section of the 
cylinder is 40 cm. 

Solution: Making use of the fact that (i) the new value of the pressure im - 
both halves of the cylinder will be equal after the piston has shifted by a 
distance, say x, and (ii) that both halves contain the same mass af the gas we. 
may apply eqn. (16:12), 

(—x)« (4-x« 
T. T: 
where /is the initial length of each section of the cylinder, T and T’ are the 
initial and the final temperatures in Kelvin scale, and « is the cross-section of 
the cylinder. 
Solving for x, we get 


Here 7—273.-37—310K — 7'—273467—34UK (= cm. 


3 30x40  ,, 
Mox 1:85 cm, 
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1611. Equation of state of an ideal gas. 


A gas which strictly obeys Boyles law and Charies’ law is known as an 
ideal gas or a perfect gas. For the sake of simplicity we shal] assume that all 
gases behave like ideal gas. 

Let P, V and T denote the pressure, volume and absolute temperature 

respectively of a given mass of gas. 


Then, from Boyle’s law, ver, when T is constant, 
and from Charles’ law, VocT, when P is constant. 


vaf , When T and P both vary. 


or, We ie, PV=KT ir. i (16:14) 

where K is a constant of proportionality. "The value of this constant 

depends on the mass of the gas as well as on the units in which P, V and T 
are expressed. 

It is obvious that for a fixed mass of the gas, if P,, Vi, T, are the initial and 
Py, Va T, the final values then 

PV PVs . 
` T, uM ne (16°15) 

The relation (16:14) connecting the three variables viz., pressure, volume and 
temperature of an ideal gas is called the characteristic equation or equation 
of state of an ideal gas, Any physical state of a given mass of an ideal gas is 
determined if any two of the three quantities P, V and Tbe known ; the third 
can be found out by using the equation (16:14). Hence the name of the 
equation. 

To use this equation, the following points must be remembered. Firstly, P 
and V represent the pressure and volume of a fixed mass of a gas. Secondly, 
T is the absolute temperature ; any temperature specified in °C. or ^F, should 
be converted to the absolute temperature. 

We should, however, remember that real gases do not obey the ideal gas 
equation perfectly, Under ordinary temperature and pressure, the discrepancy 
is usually very small, The variation is. found to be considerable at extremely 


high pressures or at a low temperature near the temperature of liquefaction of 
the gas. 


Example 16:14, A mass of nitrogen occupies 500 c.c. at 10°C. under a 
pressure of 76 cm. of murcury. Determine its volume at 30°C., the pressure 
being 80 cm. of mercury. 

Solution : Since the mass is constant, we use the eqn. (16°15), 

PA, PaVa _ 76x 500 80 x V, 
T hn 0420) Q03275 ^ ^- 5096 cc. 

Example 16:15. A sample of gas occupies 250 c.c. at 20°C. and a pressure 
of 77 cm. of mercury. Find, (a) the volume at N.T.P., and (b) the temperature 
at which the volume will be 200 c.c., the pressure being 76 cm. of mercury. 
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Solution: (a) Here P,—77 cm., P,—76 cm. 
T,=273+20=293°K, 
7,—2173K. 
V,=250 c.c., V,—the required volume. 
Applying eqn. (16:15), we have 


y. [T3) (Pr 
rr) (p) 

_ 250X273 X77 

|. 293x76 

(b) Here, since the pressure remains same as in Part (a) of the problems, 
therefore for the volume to shrink in the ratio 236 : 200, the absolute tempera- 
ture must fall in like ratio. So applying eqn. (16:12), 

Dry whence T—213 xod 4K, 

The required temperature is, therefore, 231:4—273— —41:6*C, 

This calculation preassumes, of course, that the gas in question is still well 
away from the conditions for its liquefaction. 

Example 16:16, An empty bottle is corked when the air inside it is at 
10°C. and the barometer reads 75 cm. of Hg. If the cork blows out when the 
the pressure inside the bottle exceeds the atmospheric pressure by 100 cm. of 
Hg., calculate the temperature to which the bottle must be heated to blow 
the cork, Assume that the volume of the bottle remains constant when heated, 
[Z C. S. 1965] 


2236.66. 


Solution: Here P=75 cm. of Hg. ; 7—273--10—283'K 
—75--100—175 cm. of Hg. 
Let T” be the required temperature. 
Since the volume of air is constant, applying eqn. (16:13), we have 
p ET. 175x283 _ 669.3°K 
The required temperature —660-3—273 =387°3°C. 

Example 16:17. An air bubble gradually rises from a depth of 10 metre 
in a pond where the temperature is 10°C. to the surface at which the têmpera- 
ture is 25°C. Compare the radii of the bubble in the two positions... Assume 
the atmospheric pressure to be 76 cm. of mercury, and the density of mercury 
to be 13:6/c.c. 

Solufon: Let r, and r, be the radii and V, and V, be the volumes of the 
bubble at the bottom and at the surface o rd 

T. Vom and Vie or t, a =(! i)" e 

If P, P, be the pressures and 7, 7, be the absolute temperatures at the 
bottom and at the surface, then : 

B, PaVa oe V. P 
NS VR 


Ps ? Pils ( eee wae 
ies a PT, Q) 
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But P,=(76 x 13:6+ 1000) xg dyne/cm.*, P,—76 x 13:6g dyme/cm?., 
T,—10--273—283*K., Ty=25+273=298°K. Hence from (1), we get, 
fa) * .(76x136--1000)x298 p ry 1.275. 
Gf) ——uxiexis on nu 
16-12. Universal gas constant. 
In the preceding article, we have mentioned that the value of the constant K 
depends on the mass of the gas. This is obvious because if on keeping P and 
T same, the mass of the gas is doubled, a two-fold increase in its volume will 


(16:16) 


PV=nRT (16:17) 


If the corresponding mass of the gas be m and its molécular weight be M, 
then n=m/M 


py. RT (16:18) 
As the gas constant for any mass of a gas is denoted by K, we have from the 
equation (16-18), K-nR- ^R 


(16419) 
For 1 gm. of the gas, the gas constant— R/ M ab (16°20) 
This constant is known as Specific gas constant. 
Value of R. 


From Avogadro’s hypothesis, one gram-molecule of any gas at N.T.P.* 
occupies a volume of 22-4 litre, Thus, volume of 1 gm. mole of the gas at 
N.T.P., V,—2244 litre—22400 c.c. normal pressure, P,—76 x 1336 x 980 dyne/em.* 
and normal temperature, Ty—273*K. 

76x13:6x980x22400 dYne. c.c, 
ds pom? gm. mole 


" 
o Roho 


—8:31 x 10" dyne cm, per °K per mole, 
78:31 x 10? erg per °K per mole. 


Of air at N.T.P. If bulb A is 
(@) the new pressure in the system, 
from one bulb to the other during 
- is 1:29 gm. per litre. 


and (b) the mass of air which is transferred 
the heating. Given density of air at N.T.P. 
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Solution: (a) Representing the initial pressure and absolute temperature 
as P, and T, and the final pressure as P, the fact that the total mass of air is 
constant and is expressed by applying eqn. (16:15), 


PV at Va he as Fa) 
Ti 471-100 ' 7, 
— p, Vat Vg) + 100) 
So that, P,— P, T;V4 (T, 100)/, 
1400 x 373 
273 x 1000-+-373 x 400 


==93-99 cm. of mercury. 


(b) The fraction of the original mass in A that stays in the bulb is, vide 
eqn, 16:48, 


=76x 


t P.T, 93:99 . 273 
z a “Pai a 22. 
since molecular weight and the gas constant are constant. 
Thus, 1—0:905—0:095 of the original mass in A is transferred. Since 1000 
c.c. of air at N.T.P. has a mass of 1:29 gm‘, this transfer amounts to 0095 x 1:29 
—0:12 gm. approximately. 


Example 16:19. The density of hydrogen at N.T.P. is 0:0896 gm./ litre. 
Find (a) the value of R for 1 gm. molecule of this gas, and also (b) obtain the 
value of the constant for 10 gm. of the gas. 

Solution: (a) 1 gm-mole of hydrogen contains 2 gm. of hydrogen, since 
molecular weight of hydrogen is 2, Now, since 0:0896 gm. of hydrogen occupies 
the volume of 1 litre at N.T.P., therefore, 

1 
0:0896 

But, normal pressure P,—76 x 13°6 x 980— 1:013 x 10° dyne/sq. cm. 

The normal temperature V, —273^K. Hence we have, 

Ra Pio. (0013 x 10°) x 22:321 x 10? 
Te 273 
—8:28 x 107 erg/°K/mole. 
. ? 
(b) From eqn. (16:19), RP UMBERTO 
—414 x 108 erg/°K. i 

Example 16:20. One litre of air at N. T. P. weighs 1:293 gm. Calculate 

the value of the constant K in the ideal gas equation PV —KT for 1 gm. of air. 
1000 


2 gm. of hydrogen occupies the volume of 2x ==22:321 litre. 


Solution: Volume of 1 gm. of air at NTP—D Cc, 
Hence, K for 1 gm. of air is given by 
1-013 x 10° 1090. 
xt = 35 —2:869 x 108 erg per °K per gm. 
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16:13. Relations among the pressure, temperature and density of a gas. 


Let P, V, T, and p denote respectively the pressure, volume, absolute tempera- 
ture and density of the fixed mass of a gas. Then from ideal gas equation, 
PV/T=K, where K is a constant. 

But mass being fixed, V oc z a aaa constant ss (16:21) 

p 

Hence, if for fixed mass of a gas Pı Ty, p, are the initial and P, Ty, ps the 

final values, then 


i UM 16:22 

ply poTz ( 

(i) Ifthe pressure is kept constant and the temperature is changed, then 
from eqn. (16:21), oT—constant sn (16:23) 


Hence, density of a gas at constant pressure varies inversely as its absolute 
temperature. 


(i) If the temperature is kept constant and the pressure is varied, then 
from eqn. (16:21), 


i -constant a8 z (16:24) 


Therefore, the density of a gas at constant temperature varies directly as its 
pressure. 


Example 16'21. One litre of the inert gas argon is found to weigh 1:62 gm. 
at 15°C. and under a pressure of 74 cm. of mercury. Find the density at N.T.P. 
and deduce the molecular weight of argon. 
Solution: Here P,—74 cm. ; 7,=273+-15=288°K ; 
p1— 1:62 gm. It. 
_ P,—76 cm. ; T,—273^K. Let p; be the required density. 
From eqn. (16:22), 
Pr E pir X53 X 162 gm. lire 
—1:755 gm. /litre. 
Gram molecular volume =22'4 litre at N.T.P. 
The mass in gm. of argon occupying this volume is its molecular weight, 
which is 1-755 x 22:4—39:31. 
Example 16:22. The density of air is 1:29 em. per litre at N.T.P. Calculate 
the mass of 5 litre of air at 182°C, and at a pressure of 6 atmospheres, 
Solution: Here P,—1 atmosphere, T,=273°K. 
p — 129 gm. [litre and P,—6 atmosphere, 7,—1824-272—455°K. 


i P. 
Fron eqn. (16:22), n Eni E xT ex 1:29 —4-645 gm. litre 


Hence, the required mass—5 x 4:645— 23-23 gm. 


Example 16:23. An electric bulb of volume 300 c.c. was sealed off during 
the manufacture at a pressure of 107* cm. of Hg. at 30°C. Compute the number 
of air molecules contained in the bulb. Avogadro's number —6'02 x 109? per gm. 
molecule. 
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Solution : Let n be the required number of air molecules. Since 1 gm. mols 
of a gas at N.T.P. occupies 22:4 lt. and contains N (Avogadro’s Number) 
molecules, we have from eqn. (16°22), 


p. (12) (22 
jx e (7) 3 
. 3 
where, P, —76 cm., me E T,=273°K. 
P,—10-7* cm., PY— Jy 7,—213.1-30—303*K. 


an _ 602x 109 x 273 x 10-8 
300 274x10 x 303x76 . 
or, n--9:561x 103 


e EXERCISE e 


[A] Essay type questions 


1. State and explain Boyle's Law. How is this law verified experimentally ? 

2. State and explain Charles’ law. Describe an experiment for it's verification, 

3. Define ‘Absolute Zero’. Calculate its value in both Centigrade and Fahrenheit scales. Why 
the absolute zero is treated as more universal and more fundamental than the centigrade zero. 

4. State (a) how the volume of a gas increases when it is heated at constant pressure and 
(b) how its pressure increases when it is heated at constant volume. Derive the relation 
A =constant, 

5. Define volume and pressure coefficients for a gas? Why is it necessary to define two co- 
efficients for a gas? Show that for a perfect gas, the volume coefficient of expansion is equal to the 
pressure coefficient. Write down-the units of these two coefficients in C.G.S, and F.P.S. systems, 

6. What is meant by ideal gas? Under what conditions a real gas may be treated as an 
ideal gas? Give reasons for your answer. 

What is an equation of state? Derive it for an ideal gas. 

7. Show from Charles’ Law that the volume of a gas should become zero at a certain 
temperature. How is it utilised in defining the absolute scale of temperature? Why is this 
scale termed absolute ? i 

8. What do you understand by the absolute scale of temperature? How is the centigrade 
scale related toit? How do you arrive at the idea of an absolute scale of temperature ? 

[Jt. Entrance '78] 

9. Establish Charles Law in terms of absolute temperature. How does expansion of a 
gas differ from that of a solid and liquid ? 

10. What do you mean by ‘universal gas constant’? Why isitsocalled ? Calculate the 
value of the constant for 1 gm. mole of any gas at N. T, P. 

11. (a) Deduce an equation to show how the density of a gas varies with its pressure and 
temperature. i 

(b) State and explain ‘Pressure Law’. 

(c) Describe an experiment to determine ‘the volume coefficient’ of a gas. 


[B] Short-answer type questions 

1, ‘In the study of the expansion of gases, volume, temperature and pressure are taken into 
account as variables’. Explain the significance of the statement. 

2. Both gas and liquid are enclosed in a container to study their expansions, But, unlike 
liquid, gas has no apparent expansion coefficient, Explain the statement. 
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3. A container filled with oxygen is brought to the surface of the moon from the earth’s 

surface. What would happen if the container is (i) a steel cylinder; and (ii) a rubber balloon ? 

[Model Questions, H. S. Council, *78] 

4. Why do we always take the initial volume and pressure at 0°C., while we define co- 
efficient of expansion of a gas in contrast to the case of solids and: liquids ? 

5. Can we ever attain any temperature lower than the absolute zero of temperature ? Why ? 


[C] Simple Problems 


1. An open glass tube is immersed in mercury so that a length of 13 cm, extends above the 
mercury level. The open end of the tube is then closed and is raised further by 35 cm. Find 
the length of the air column above mercury in the closed tube, Assume that the atmospheric 
pressuree- 76 cm, of Hg. [Ans. 20°41 cm.] 
2. A column of air in a uniform tube, closed at one end, occupies 27 cm. at atmospheric 
pressure. When subjected to the pressure of the water supply, the column of air occupies 20 cm. 
Calculate the pressure of the water supply, the atmospheric pressure being 76°5 cm. of mercury. 
[Ans. 103:3 cm, of Hg.] 
$. A diving bell of internal volume 6 cubic metre is lowered into sea water of density 1°03 
gm. cm”? unti! the volume of the contained air is reduced to 5 cubic metre. Assuming’ that the’ 
temperature is unchanged, calculate how far the surface of the water in the bell is below the 
surface of the sea, the pressure of the atmosphere being equal to that due to 75 cm, of mercury. 
Density of mercury=13°6 gm. cm=3, [Ans. 1:98 metre] 
4. A cylindrical vessel of length 100 cm. with its open mouth downward is lowered to the 
bottom of a tank. The water is found to rise 30 cm, init, Find the depth of the tank, Given 
that the atmospheric pressure at the surface of the tank is 900 cm. of water and the temperature 
is constant. [dns. 415°7 cm.) 
5. An air filled cylinder at atmospheric pressure is urged to immerse into water with its 
mouth downwards until water occupies 1/3 rd part of the whole volume of the cylinder. How 
much further it has to be dipped into water so that water occupies 2/3 rd of its volume? Given, 
atmospheric pressure=76 cm. of Hg. and density of Hg.=13'6 gm./c.c [Ans 15:5 metre] 
6, A tyre of a motor car has 1:5 metre length and 14 cm. diameter, How much air has 
to be introduced into the tyre at atmospheric pressure so that the pressure inside it becomes 3 
atmosphere. [4ns. 69:3 litre] 
7. A barometer reads 76 cm, Its torricellian space is 9 cm. long. What volume of air 
measured at atmospheric pressure should be introduced into the space to cause the mercury 
column to drop to 57 cm. ? The cross-section of the barometer tube is 1 sq.cm. [Ans. 7 c.c] 
8. A faulty barometer contains some air in its torricellian space, It reads 75 cm. when 
the true atmospheric pressure is 76 cm, What will be the true atmospheric pressure when the 
barometer reads 745 cm,? Given, length of the tube measured from the free surface of 
mercury in the reservoir is 90 cm, [Ans. 75:47 cm.] 
9, A barometer reads 75 cm. and the torricellian space above the mercury column in 3 cm. | 
If some air which could occupy the entire space at atmospheric pressure has been introduced, 
what should be the new reading of the barometer ? [4ns. 61:42 cm.] 
10. A uniform narrow tube closed at one end contains some air confined by a mercury 15 cm. 
long. When the tube is held vertically with its closed end downwards, the air column is 20 cm. 
long but when it is held horizontally the air column is 24 cm. long. Calculate the atmospheric 
pressure. [Ans. 75 cm. of Hg.] 
11. A narrow uniform glass tube contains some dry air which is sealed off by a thread of 
mercury 15 cm. long. When the tube is held vertically, with the closed end at the bottom, the 
air column is 40 cm. long ; but when it is inverted, the air column is 60 cm. long. Calculate 
the atmospheric pressure, [4ns. 75 cm. of Hg.] 
12. A narrow uniform tube contains some air entrapped by a mercury column of length 25 
cm. While the open end of the tube is held vertically upwards the air column is of length 5 


cm., but if the tube is inverted, this length becomes 10 cm, What would be the length of the 
air column when the tube is held horizontally ? [Ans. 6:67 cm.] 
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13. A uniform capillary tube, 125 cm. long and closed at one end, contains air confined 
by a mercury thread. When the tube is held vertically with its closed end downwards the air 
occupies a length of 40 cm. and the mercury thread is 85 cm. long. The barometric height is 
76 cm, of mercury. What length of the thread will run out if the tube is slowly inverted ? 

[Ans. 68:4 cm.] 

14. In an experiment the pressure of a mass of air at constant volume was found to increase 
from 75 cm. of mercury at 15°C. to 91 cm. of mercury at 75°C. From these results what 
would be (a) the pressure of air at 0°C. (b) the coefficient of increase of pressure of air at 
constant volume ? [4ns. (a) 7l cm. of Hg., (b) $:756x 107/*C.] 

15. Three litre of air at 0*C, and a pressure of 1 atmosphere are heated in such a way as 
to keep its volume unchanged. Calculate the temperature of the air when its pressure becomes 
5 atmosphere. 


The temperature is now kept constant and the pressure reduced to | atmosphere. What 
will be the resulting volume ? 


If finally this last pressure is maintained, calculate the temperature for which the volume 
will be reduced to 2 litre. (London) 
[4ns. 1092°C, ; 15 litre ; —91*C.] 
16. A gas at 15°C. has its temperature raised so that its volume is doubled, the pressure 
remaining the same, What is its final temperature ? [4ns. 309*C.] 
17. A mass of gas is at 20°C, Find the temperature at which its pressure will be tripled 
if it is heated at constant volume. At what temperature its volume will be tripled, if the 
pressure is kept constant ? [4ns. 606°C., 606*C.] 
18. A flask containing air is corked up at 30°C., the pressure being 15 Ib./sq. inch. Calculate 
the temperature at which the cork will be blown out if this occurs when the pressure inside the 
flask is 25 Ib./sq. inch. [4ns. 282:C.] 
19. The volume of a gas at 30*C. temperature and 108 cm. pressure is 256 c.c. What 
will be the volume of the same gas when the temperature is 0*C. and the pressure is 76 cm. ? 
(H.S. comp. *71) [4ns. 3278 c.c.] 
20. A motor car tyre has a volume of 15 litre and contains air at 2*5 times atmospheric 
pressure when the temperature is 17°C, What will be the pressure inside the tyre in Ib./inch* 
when the temperature rises to 37°C, and volume of the tyre increasesto 1555 litre ? 
(Jt. Entrance '62) [Ans, 88:15 Ib./inch] 
21. A narrow uniform tube closed at one end contains some dry air which is sealed off by 
a mercury thread of length 10 cm, The tube stands vertically with its open end at the top and 
the length of the air column is 25 cm, at 12°C, To what temperature must the tube be 
heated for the mercury to rise 5 cm, ? [Ans 69'C] 
22. A pressure vessel contains 20 litre of a gas at 13°C. and the pressure gauge attached 
to the vessel reads 15 atmosphere, The vessel is opened and then closed. The pressure gauge 
now reads ll atmosphere. What volume of gas at atmospheric pressure escapes? Assume 
that there has been no temperature change during the process. 
The gas remaining in the vessel is then cooled to 0°C. What will then be tbe reading of 
the gauge ? [Ans. 80 litre ; 10:5 atmos.] 
23. An open glass flask of 0*5 litre at 27°C, is heated uniformly to 167°C, allowing expulsion 
of air and corked. What is the new pressure of air inside the flask if the atmospheric 
pressure is 76 cm. of Hg. and the flask is cooled to 27°C. ? [Ans, 51:82 cm. of Hg.] 
24. A barometer tube 1 metre long, contains some air above the mercury. The reading is 
74 cm. when the true atmospheric pressure is 76 cm. and the temperature is 17°C. If the 
reading is observed to be 75:5 cm. on a day when the temperature is 7°C., what is the true 
pressure? — - [Ans. 77:55 cm.] 
25. The measurement of a room is 15 metrex 10 metrex 5 metre, If the temperature of 
the room is increased from 27°C. to 37°C. calculate what percentage of the original volume of 
air will be expelled from the room, the pressure remaining constant ? [4ns. 3:339] 
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26. A vessel 500 c.c. in volume contains air at a pressure of 10 atmosphere and temperature 
50°C. Another vessel 750 c.c. in volume contains air at a pressure of 12 atmospherc and 
temperature 30°C. If the two vessels are connected together and maintained at a temperature 
of 97°C., calculate the pressure inside the vessels. [4ns. 13:38 atmosphere] 

27. One litre of air at 0°C. expands to 1:5 litre at 136°5°C. What is the value of absolute 
zero ? [Ans. —279'C.] 

28. What will be the volume of 1 gm. mole of a gas at a pressure of 100 atmosphere and at 
a temperature of —173*C. ? [Ans. 82 c.c.] 

29. Calculate the value of the gas constant in erg per gm. mole per *C. Given that the 
coefficient of expansion of the gas=0:00366/°C., volume of a gm. mole of the gas at N.T.P.— 
22:414 litre, density of rnercury —13'6 gm./c.c. and 7-981 cm./sec.* [Ans, 8318X107] 

30. At a place a barometer stands at 75 cm. and the temperature is 27°C. At another 
place the respective readings are 70 cm. and 17°C. Compare the densities of air at the two 


places. [Ans. 29:28] 
$1, 500c,c. of air at N.T.P. weighs 0'6 gm, Find the mass of the air required to produce 
at —29*C. a pressure of 3 atmosphere in a volume of 50 c.c. [Ans. 0:197 gm.] 


92. The density of Hydrogen at 0°C, and standard pressure is 0'09 gm./lt. Find the volume 
occupied by 1 gm. of hydrogen at 200°C, and standard pressure. (Oxford) [Ans. 19°25 1t.] 
$3, Find the density of methane at 27°C. and 3 atmospheric pressure. Given that the 
molecular weight of methane is 16, and the molar gas constant is 0:082 litre atm. °K,~! mole“. 
[Ans. 1:95 gm, /litre] 
34. An electric vacuum tube was sealed off during manufacture at a pressure of 1:2x 1075 
mm, at 27°C, Iis volume is 100 cm*. Compute the number of gas molecules remaining in 
the tube. [Ans. 3'862 x 10°] 
95. The air in a vessel with volume 5 It has a temperature of 27°C and is subject to a 
pressure of 20 atmosphere. What mass of air must be released from the vessel so that its 
pressure drops to 10 atmosphere ? The density of air at N. T, P=1'29 gm[lt. [Ans. 58:7 gm] 
96. How many molecules are there in a litre of air at atmospheric pressure and room 
temperature? Take room temperature =27°C, one atmospheric pressure = 10° dyne/cm', 
and R—8:31 x 10" erg/("K mole) [Ans. 2:45x 10] 
37. Two glass bulbs of volume 3 litres and 1 litre respectively are connected by a capillary 
tube. Air at a pressure of 76 cm at 30"C is contained in the apparatus which is then hermeti- 
cally sealed. If the 3 litre bulb be immersed in steam at 100' C the other remaining at 30°C, 
what would be the pressure of the air in the bulbs, 
(Neglect the increase in volume of the 3 litre bulb) (Jt. Entrance '81) [Ans. 88:4 cm of Hg] 


[D] Harder Problems 


i A saimle of gas occupies 100 c.c. at 0*C, and 72 cm. pressure, and a volume of 200 c.c: 
at 68:25*C, and 45 cm. pressure, Calculate the coefficient of expansion, assuming that the 
gas obeys Boyle's law and expands uniformly at constant pressure. [Ans. aby per °C] 
: T A narrow cylindrical tube 80 em. in length and open at both ends is submerged to half 
= length in mercury. The upper end of the tube is then closed and the tube is lifted out of 
the mercury. _The length of the column of mercury remaining in the tube is 23 cm. What is 
the atmospheric pressure ? [Ans? 77:13 em. mercury] 
2 9. A Syünder closed at both ends has a capacity of 224 litre and it contains 4 gm. of 
; (og at 0°C, Calculate the pressure when the cylinder is raised to 60°C. If the hydrogen 
: b xm by 14 gm. of nitrogen at 0°C., what will be the pressure exerted by the gas at 

4 A narrow cylindrical pi (Jt. Entrance '68) [Ans, 2:44 atmos. ; 0:683 atmos.] 
Phones es eis Ps closed at one end contains air which is separated from the 
poda C ig | co'umn ot mercury, If the pipe is turned with the closed end uppermost, 

r Inside it occupies a length x mm. ; whereas when the open end is uppermost, the length 
occupied is x” (<x) mm. The length of the mercury column is | mm. Find the atmospheric 


F 4 [Ans. Eto mm, of Hg.) 
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5, A barometric tube is immersed in a deep vessel containing mercury so that the levels of 
the mercury in the tube and the vessel are the same. The air in the tube occupies a column 
of length x cm. The tube is now raised x’ cm. Prove that the mercury rises in the tube by 
} (P+x+<— J(PYxEx)—4xP] cm, where P is the atmospheric pressure measured in 
cm. of Hg. 

6. “A cylindrical glass tumbler is lowered upside-down into water and floats vertically, with 
the internal surface of its bottom level with the surface of the water in the vessel. The weight 
of the tumbler is 500 gm.; the area of the bottom is 10cm*. The air pressure in the glass 
before submersion was 76 cm. of mercury. What portion of the tumbler will the air occupy 
after submersion ? [Ans. 0°9535 of the initial volume] 

7. An air bubble starts rising from the bottom ofa lake, Its dismeter is 36 mm, at the 
bottom and 4 mm. at the surface. The depth of the lake is 2:5 metre and the temperature at 
the surface is 40°C. What is the temperature at the bottom of the lake? (Assume that the 
variation of density of water with depth is negligible. Atmospheric pressure is 76 cm. of mercury 
and acceleration due to gravity is 980 cm./sec*.) (LI.T.'66) [4ns. 10:2*C] 

8. A balloon will carry a total load of 175 kg. when the temperature and pressure are 
normal. What load will be balloon carry on rising to a height at which the barometric pressure 
is 50 cm. of mercury and the temperature is —10°C., assuming that the envelope maintains a 
constant volume ? (London) [Ans. 119°5 kg.] 

9. A cylindrical pipette of length x cm. is half submerged in mercury. It is closed by a 
finger and withdrawn. Part of the mercury flows out. Prove that the length of mercury column 


that remains in the tube peices cm. where P is the atmospheric pressure in cm. of Hg. 


10. In a mercury barometer with a regular cylindrical barometric tube, the distance from 
the mercury level in the cup to the soldered end of the tube is x mm. An air bubble is intro- 
duced into the tube at normal barometric pressure P and temperature ty, as a result of which 
the length of the mercury column diminishes and becomes equal to /; mm. Show that the 
expression for the correction pı to be added to the barometer reading h mm. in order to be 
1+«t 
l+ 


able to use it at any temperature ¢ and any height h of the mercury column is pı= 
A—h(p-h) mm. where « is the expansion coefficient of the gas. 


11. Two thermally insulated vessels of volumes 1 litre and 3 litre are connected by a pipe 
with a tap. Prior to opening the tap, the first vessel contains nitrogen at 0*C. and pressure 
0*5 atm., and the second vessel argon at 100°C. and pressure 1'5 atm, When the tap is opened 
the temperature established in the gas mixture is 79°C. Calculate the pressure, 

[Ans 1:223 atm] 

12. A mercury column of length 15 cm, encloses an air column of 10 cm. at 27°C, ina 
capillary tube when the tube with its open end upward is held vertically. Now the tube is 
inverted and the length ofthe air column becomes 15 cm. What is the temperature of the air 
in the tube while it encloses air column of length 20 cm. at its inverted position ? 

i - [4ns. 127*C.] 

19, Find the percentage increase of pressure in tyres of a bicycle taken out of the shade 
(15*C.) into the sun (35°C.) disregarding the expansion of rubber. [Ans. 6:9495] 

14. Itis found that the volume of a certein gas increases in the ratio 1:035 : 1 between 15°C. 
and 25°C, Calculate the absolute zero on the centigrade scale for this gas. [Ans. —270:7C.] 

15. Use the ideal gas equation PV—nRT, where R=0-0821 litre atmosphere per °K per 
mole, to solve each of the following : 

(i) At 17°C. and 765 mm. of mercury pressure, 1'3 litre of an ideal gas weighs 3 gm. 
Compute the molecular weight of the gas. 

(ii) Compute the volume occupied by 10 gm. of oxygen at 27°C. and 750 mm. of mercury, 
The molecular weight of oxygen is 32. : = 

(iii) Find the density of argon at 20°C. and 5 atmos. Molecular weight of argon is 40. 

[Ans. (i) 54:58 gm./mole ; (ii) 7:798 litre ; (iii) 8:$14 gm, /litre.] 
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16. The density of argon is 1:6 gm. per litre at 17°C., at a pressure of 76 cm. of mercury. 
What is the mass of argon in an argon filled electric lamp bulb of volume 150 c.c. if the pressure 
inside is 76 cm, of mercury when the average temperature of the gas is 127°C. ? 

[Ans. 0:174 gm.] 

17. The density of a gas may be determined asfollows. A large bulb of capacity 1 litre 
is filled with the gas under test to a pressure 74 cm. of Hg and weighed. Let its weight be 
0:71 gm. Part of the gas is now removed, so that the pressure falls to 70 cm. of Hg, The new 
weight of the bulb is 0°61 gm. What is the density of the gas at atmospheric pressure ? 

[Ans. L:9X 10-8 gm.[c.c.] 

18. A glass capillary tube, sealed at both ends is 100 cm long." It lies horizontally with 
middle 10 cm containing mercury. The two ends of the tube ( which are equal in length ) 
contain air at 27°C and ata pressure of 76 cm of mercury. The tube is kept in a horizontal 
position, such that the air column at one end is af 0*C and the other end is maintained at 
127*C. Calculate the length of the air column which is at 0°C and its pressure. Neglect the 
change in volume of mercury and glass. (Q.LT.'75) [Ans. 36:5 cm; 85:3 cm of Hg] 


l T | CALORIMETRY 
CHAPTER | 
l 
17-1. Calorimetry. 

The term calorimetry relates to the measurement of quantity of heat, ic. of 
quantity of thermal energy in the process of transfer from one body to another. 
When several bodies at different temperatures are placed in thermal contact 
with each other, the hotter bodies become cooler and the cooler bodies become 
warmer. Ultimately, all bodies arrive at the same temperature. They are then 
said to be in thermal equilibrium. In principle, the object of ali the calorimetric 
measurements is to know this final temperature, called the equilibrium tempera- 
turé and hence to derive quantitatively the heat gained or lost by the substances 
from the knowledge of their known thermal properties. 


17:2. Quantity of heat. 

The quantity of heat possessed by a body depends on several factors. An 
idea of these factors can be obtained from the following experiments, 

Experiment 1: The apparatus consists simply of a copper vessel, half 
filled with water. A finely graduated thermometer and an electric immersion 
heater, which supplies heat at a uniform rate, is introduced into the mass of the 
water. Keeping the water continually stirred, time taken to raise the tempera- 
ture through say, 5°C., 10°C., 15°C, etc. are noted very carefully. Those times 
are found to be roughly in the ratio* 1: 2:3 etc. This means that the quanti- 
ties of heat supplied by the heater and hence that absorbed by the given mass of 
water (as well as the vessel) are in the ratio 1: 2:3. Since the rise in tempera- 
ture also bear the same ratio, we get that for a fixed mass of water, the heat 
supplied is proportional to the rise in temperature. The same result will be 
obtained for other substances also. 

Experiment 2: Different amounts of water such as 200, 400, 600 gm. etc., 
are taken successively in the vessel. The time taken for a selected rise in 
temperature, say 10°C., to occur is noted ; these are found to be in the ratio 
1:2:3 etc., in the same proportion as the mass of water taken. We, therefore, 
conclude that for a fixed temperature rise, the heat supplied is proportional to the 
mass of water taken. The same conclusion holds for other substances as well. 

Combining these experimental results, we immediately get that quantity of 
heat supplied to a substance œ mass of the substance x rise in temperature. — 

If we represent the quantity of heat supplied by the letter Q, the rise in 
temperature by ¢ and mass of substance taken by m, then 

Qocmt, when both m and t vary, 
i.e., Q smt (17:1) 
where s is the constant of proportionality depending on the nature of the substance. 

* The slight departure of the observed times from this ratio occurs due to the heat absorbed 
by the vessel, heat lost during experiment etc. 
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173. Thermal Units. 


Units of the quantity of heat are defined in such a way that for water, the 
above constant of proportionality equals unity. Thus, for water eqn. (17:1) 
becomes Q—mt et (172) 

When m=1, t=1, we get Q—1. So we define unit quantity of heat (on any 
system of units) as the quantity of heat required to raise the temperature of unit 
mass of water through one degree. 

Choice of particular system of units for expressing mass and temperature of 
a substance leads to the definition of different thermal units as follows : 

Calorie: One calorie is the quantity of heat which must be given to 1 gm. 
of water to raise its temperature through I^C. 

British Thermal Unit: One British, thermal unit (B. Th. U.) is the quantity 
of heat which must be given to 1 lb. of water to raise its temperature through 1°F. 

Kilogram Calorie: One kilogram calorie is equal to 1000 calorie i.e., it is 
the quantity of heat which must be given to 1000 gm. of water to raise its tempera- 
ture by I'C. 

Centigrade Heat Unit: Centigrade heat unit (C.H.U), also called pound 
calorie, is the quantity of heat which must be given to 1 Ib. of water to raise its 
‘temperature by 1°C. 

It should be noted that the thermal units defined above, vary with the loca- 
tion of the degrees. This means that the thermal energy required to raise the 
temperature, say, from 5°C, to 6°C., is different from that required for a rise 
from, say, 20°C to 21°C. But the differences are so small, amounting in some 
instances to 1 or 2 part in a thousand, that for most practical purposes it is 
neglected. However, for exact purposes the thermal units must be defined for 
some definite temperature of water. The calorie is precisely defined as the amount 
of heat required to raise the temperature of 1 gm. of water from 145°C to 15°5°C. 
It is called 15°C calorie, For an accurate definition of B. Th. U., the said 
temperature interval is taken from 63°F. to 64°F. 

Sometimes, in experiments involving large changes of temperature, ‘the 
mean-calorie' is used. It is defined as the 4th. of the amount of heat 
required to raise the temperature of 1 gm. of water from 0°C, to 100°C, 

Relation among different thermal Units, 


1 B. Th. U.=Quantity of heat supplied to raise the temperature of 1 lb. of 


water by 1°F. 
=1 1b. x 1°F, [by eqn. 17:2] 
—453:6 gm. x §°C, [^ 11b.—453:6 gm. and 


1 F. degree— $C. degree] 
—252 calorie—0:252 kg. calorie. 


1 C. H. U.—1 1b.x1*C.—453:5 gm.x1*C.—453-6 calorie —0:4536 kg. 
calorie. 


In England, for commercial purposes a larger unit called therm, is used. 
1 therm—105 B. Th. U.=2-52x 107 calorie, 
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17:4. Specific heat. 


In equation (17-1) the constant s depends on the nature of the substance. 
Hence the quantity of heat required to effect a definite rise in temperature of a 
given mass of different substances must be different. Similariy, when a body 
loses heat, the amount'of heat lost is found to depend likewise upon the nature 
of the substance. The following demonstration experiment brings out this fact 
clearly. 

Demonstration experiment: In this experiment, first devised by Tyndall, 
four balls, as shown in the Fig. 17:1, all of same mass but of different materials 
are heated in boiling water to the = Jim 
temperature of 100°C. They are then 
simultaneously placed on a thick slab of 
wax. As the balls melt their way through 
theslab, it will be found that different 
balls penetrate to different depths 
[Fig. 17:1]. Obviously the ball that gives 
up more heat melts more wax and 
penetrates deeper. This shows that the 
heat given out by equal mass of copper 
and brass for the same drop in tempera- 
ture is considerably greater than that given out by tin and lead. 

Hence the amount of heat lost by a body does not depend only upon its 
mass and temperature, but also upon the nature of the substance. 

By simple experiments we can similarly show that the amount of heat 
required to raise the temperature of a substance depends also upon its nature. 
This dependence of the heat lost or heat gained by a substance on its nature is 
ascribed to a specific property of the substance, called its specific heat. 

Definition of specific heat : The specific heat of a substance is usually defined 
in two ways : 

(1) The specific heat of a substance is the ratio of the qnantity of heat 
required to raise the temperature of a certain mass ofthe substance through a 
certain range of temperature to the quantity of heat required to raise the tempera- 
ture of the same mass of water through the same range of temperature. 

According to this definition, specific heat (s) of a substance 

. Heat required to raise a given mass of substance by t°. 

" "Heat required to raise the same mass of water by t°. 


Heat required to raise unit mass of a substance by 1° 
“Heat required to raise unit mass of water by 1°. 
But heat required to raise the temperature of unit mass of water 
by 1?—1 calorie or B. Th. U. 
Thus the heat required to raise the temperature of unit mass of a substance 
by 1°=s calorie or B. Th. U. It should be noted that, by definition, the specific 
heat of water is unity. 


Block of wax N 


Fig. 17:1: Tyndall's experiment 
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Since the specific heat is the ratio between two quantities of heat, itis a 
number. Obviously, the value of specific heat does not depend on the system of 
units chosen, and is the same in all systems. 

Thus the statement that, the specific heat of aluminium is 0-21 means that to 
raise the temperature of 1 gm. of aluminium through 1°C. requires 0:21 calorie 
of heat or that to raise the temperature of 1 lb. of aluminium through 1°F. 
requires 0:21 B. Th. U. of heat. 

(2) The specific heat of a substqgce is the quantity of heat required to raise 
the temperature of unit mass of it by one degree. 

Thus, the specific heat of a substance in C. G. S. system is the quantity of 
heat, measured in calories, required to raise the temperature of 1 gm. of the 
substance through 1°C. Similarly in F.P.S. system, specific heat is the quantity 
of heat, measured in B. Th. U., required to raise the temperature of 1 Ib. of the 
substance by 1°F. 

According to this definition, the specific heat has some definite unit ; it is 
not a number. In C.G.S. system, it is expressed by “calorie per gm. per °C,” 
while in F.P.S. system by “B. Th. U. per Ib. per ^F." As stated earlier, the 
numerical value of specific heat is the same in both the systems. 


17.5. Amount of heat absorbed or given out by a body for a rise or 
fall of temperature. s 

From the two definitions of specific heat, it follows that if s be the specific 
heat of a substance— 

The amount of heat required to raise 1 gm. of the substance through 
l'C—s calorie. 

The amount of heat required to raise m gm. of the substance through 
1°C=ms calorie. 

So the amount of heat required to raise m gm, of the substance through 
t°C.=m.s.t. calorie. 


Similarly, to raise the temperature of m lb. of a substance through /°F., 
heat required=m.s.t. B. Th, U. 


Symbolically |^ ^ Q=m.s.t, 2 (17:3) 
os Heat $ained — mass x specific heat x temperature rise 

Similarly, Heat lost=mass x specific heat x temperature fall. 
17:6. Thermal Capacity. 

The thermal capacity of a substance is the quantity of heat required to raise 
the temperature of it by 1° 

Thus, if m be the mass of the substance and s its specific heat, the thermal 
capacity of the substance is according to the definition =ms units of heat. 

Thermal capacity of a substance=Its mass x its specific heat. 

In C.G.S. system, thermal capacity of a substance is expressed in “calorie 

per °C” and in F.P.S. system “B. Th. U. per °F”, 


It is obvious that the specific heat of a substance is equal to its thermal capa- 
city per unit mass. 
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17-7. Water equivalent. 

The water equivalent of a body is defined as the mass of water which will 
be heated through 1° by the amount of heat that raises the temperature of the 
body itself through 1° 

Let the mass of the body of specific héat s be m gm. To raise its temperature 
by 1°C., ms calorie of heat will be required. Since the heat required to raise 
lgm. of water by 1°C. is 1 calorie, this amount of heat will raise ms gm, of 
water by 1°C. 

Water equivalent of the body, W=ms gm. 

Similarly in F.P.S. system, the water equivalent of the body W=ms lb. 

It is obvious that the expression for heat lost or gained by a body can be 
written as, 

Q=Wt E (17:4) 
Heat gained or lost— Water equivalent of the body x rise or fall in 
temperature. ; 

Comparison of thermal capacity and water equivalent : 

(i) Both thermal capacity and water equivalent of a body are numerically 
equal to the product of its mass and specific heat. Hence their numerical values 
are equal. 

(i) By thermal capacity we mean some amount of heat ; on the other hand, 
water equivalent signifies some amount of water. 

(iii) They are expressed in different units. The unit of thermal capacity is 
cal./°C, or B. Th, U./°F. But the unit of water equivalent is gm. or 1b. 

Example 17:1. Calculate what should be the thermal capacity and water 
equivalent of 10 gm. of aluminium of specific heat 0-21. How much heat would 
be necessary to raise its temperature from 0°C. to 30°C, ? 

Solution : Mass—10 gm., Specific heat=0°21 

Thermal capacity of 10 gm. of aluminium 
=10 x 0:21—2:1 cal./°C. 

Hence, water equivalent of 10 gm. of aluminium —2:1 gm. 

-. The quantity of heat required to raise the temperature of 10 gm. of 
aluminium from 0°C, to 30*C. —2:1 x 30—63 cal. 

Example 17:2. (a) Find the amount of heat required to raise 150 gm. of 
copper from 20*C. to 100*C. (b) If the same quantity of heat is added to 250 gm. 
af lead at 20°C,, will-it be hotter than the piece of copper? (Sp. heat of 
€u—0:093, of Pb —0:03). 

Solution: (a) From eqn. (17:3), heat required 

—150 x 0093 x (100—20)—1116 cal. 

(b) Rise in temperature of the lead E —X— 148°8°C, 

Hence, the temperature of the lead piece=148'8+-20—168'8°C. i.e., the lead 
piece becomes hotter. 

Example 17:3. Two substances have their densities in the ratio 3 : 4 and 
specific heats 0-13 and 0:09 respectively. Compare their thermal capacities per 
unit volume, 
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Solution : If 3x be the density of one substance, that of the other wiil be 4x. 
Let the thermal capacities of the substances per unit volume be H, and H,. Since 
density is the mass per unit volume, therefore, H,—3x x 0:13 and H,— 4x x 0:09. 


Example 17-4. A copper calorimeter of water equivalent 20 gm. contains 
500 gm. of water at 25°C. Calculate the time required to raise the temperature 
of water to the boiling point, when a burner supplying 1 B. Th. U. per second 
is employed to heat the water. 

Solution: Heat gained by water—500 x (100—25)— 37500 cal, 

Heat gained by the calorimeter— 20 x (100— 25) — 1500 cal. 

Hence the total heat supplied by the burner — 39000 cal. 

Since 1 B. Th. U.—252 cal. therefore, the time spent for raising water to its 
boiling point —2392* sec, —2 min, 34:8 sec, 

Example 17:5. A steam boiler made of copper weighs 200 kg. The boiler 
contains 100 kg. of water. How much coal is required to raise the temperature 
of the boiler filled with water from 25*C. to 100*C., if 396 of the heat is useful ? 
(Sp. heat of copper=0:09 ; heat of combustion of coal = 7 x 106 cal./ kg.). 

Solution: Heat required by the boiler =200 x 10? x 0:09 x (100—25) 

71:35 x 10° cal, 

Heat required by water— 100 x 103 x 1x (100—25)=7°5 x 10* cal, 

Total heat required —(1:35--7:5) x 109 cal, —8:85 x 108 cal. 
Total heat to be supplied by coal—8:85x 108 x 199 —2:95 x 108 cal, 


Amount of coal required. 93X I 5.14 kg. 
17-8, Calorimeter. 


Calorimetric measurements are performed in a special type of metallic vessel, 
called calorimeter. In its simplest form, it consists of a thin walled copper 
can C of definite capacity, partly filled up with a 
liquid (Fig: 17:2]. A thermometer T and stirrer $ 
of the same material as that of the calorimeter, are 
introduced inside the liquid ; the former registers 
the temperature of the liquid and the latter is used 
to stir up the liquid contained in the calorimeter, 
17-9. Fundamental principle of calorimetry. 

Most of the calorimetric measurements are done 
by introducing a heated body of definite mass and 
temperature into a calorimeter, Transfer of heat 
from this heated body to the calorimeter and its z 
contents takes place since the latter are in a lower DORUM RIT E 
temperature, This transference of heat continues  Fig.172: Simple calorimeter 


until all the substances acquire a common temperature, A condition of thermal 
equilibrium is then said to have been reached. 
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We make the ideal assumptions that (i) during this interval, no external heat 
enters the calorimeter from outside and no heat leaves the calorimeter and goes 
outside and (ii) no chemical reaction takes place between the different subs- 
tances involved. 

Then it follows from the principle of conservation of energy, 

Heat lost by im Heat gained 
the hot bodies z by the cold bodies (17:5) 
This is the fundamental principle of calorimetry. 
17-10. Prevention of heat transfer from or to the calorimeter. 


In the above discussions, we have assumed that during experiment no heat 
enters or leaves the calorimeter. Failure to fulfil this condition will lead to 
error in the measurements done by application 
ofthe principle, The loss of heat from the 
calorimeter may take place by three processes, 
viz. (i) conduction, (ii) convention, and 
(iii) radiation (vide Chapter 21). For 
accurate work, these losses must be minimised 
as far as possible, In order to reduce the 
conduction loss, the calorimeter is placed on 
spikes of bad conductors like cork, card-board, 
wood etc, (Fig. 173] To minimise the heat 
loss due to convection, the calorimeter is 
placed in a container which surrounds thé 
calorimeter with a layer of stillair. Small 
holes bored in the lid of the container allow 
thermometer and stirrer to pass. Round the 
container itself, insulating materials like dry Fig 17:3: Calorimeter with. 
cotton, wood or felt is placed. Sometimes, ^ arrangements to prevent loss of heat 
it is surrounded by a constant temperature water jacket, so that the heat losses 
become regular. Radiation loss is minimised by polishing or by nickel-plating 
the outer surface of the calorimeter. 

Example 17:6. A bath contains 100 kg. of water at 40°C. Hot and cold 
taps are then turned on to deliver 30 kg. of water per minute each at tempera- 
tures of 50°C. respectively. How long will it be before the temperature in the 
bath has dropped to 30°C.? Assume complete mixing of the water and ignore 
heat losses. 

Solution: Suppose both the taps were turned for ¢ min. for which mass of 
hot and cold water delivered into the bath was 3 x 10* x ¢ gm. each, 

Now, heat lost by the water of the bath 

=Í x 105 x (40—30)=1 x 108 cal. 

Also, heat lost by the water that enters in the bath from hot tap, 

==3 x 105 x tx (50— 30) =6 x 105; cal. 

Heat gained by water that enters in the bath from cold water tap, 

=3 x 10! x1x(30—5)—7:5 x 105 x t cal, 
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But since heat lost—heat gained, we have, 
1 106+6x 105 x t=7'5x 10°xt 
or, 1°5x10°xt=1x 10° 
eU (fet : 
or, ie 67 min. 
1711. Calorimetric measurements, 


The relation (17:5) serves as the basis for the experimental determination of 
various thermal quantities. We shall now devote ourselves to the detailed study 
of the determination of these quantities, 

(1) Determination of the water equivalent of the calorimeter: The 
calorimeter with the stirrer is cleaned, dried and weighed. It is then about 
half-filled with water at room temperature and again weighed. The calorimeter 
with its contents is then arranged as shown in Fig. 17:3 to prevent transfer of 
heatto the surroundings. The temperature is noted from the thermometer. 
Some water is heated in another vessel and its temperature is recorded, Suitable 
amount of this hot water is quickly transferred to the calorimeter and after 
stirring the water thoroughly, the maximum temperature attained is noted, The 
transference of the hot water must be done very quickly ; this is necessary to 
ensure that no heat is lost by the water during transference. During stirring, 
care should be taken that no water splashes out of the calorimeter. The 
calorimeter with its contents is then brought back to the room temperature 
and again weighed. Let, 

the water equivalent of the calorimeter with the stirrer = W gm, 

the mass of the empty calorimeter and stirrer—m, gm. 

the mass of the calorimeter and cold water—m, gm. 

the final mass of the calorimeter with its contents—m, gm. 

Then, 

the mass of cold water taken —(m,—m;) gm.—m gm. (say) 

the mass of hot water added —(m;—m;) gm. —' gm. (say) 


» * 

the initial temperature of the calorimeter with its contents —1,"C. 

the temperature of hot water —t,"C. 

the final temperature of the calorimeter with its contents=r°C. 
Then, 

Heat lost by hot water—m'(tg—1) cal. — [^ Sp. heat of water=1] 

Heat gained by cold water=m(t—t,) cal. 

Heat gained by calorimeter and the stirrer = W(t— 1) cal, 

-* Heat lost— Heat gained 

m'(tz—t)=m(t— ty) + W(t—1;) 
, m (t,—t 
w=" h9 )—m ase ». (17:6) 

Hence W can be calculated. 

(2) Determination of specific heat of a solid by the method of 
mixture: Let a body of mass m gm., specific heat s and of temperature 1,°C. 
be dropped inside a calorimeter containing aliquid, Let m, gm. be the mass 
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of the calorimeter with the stirrer, both being of the same material of specific 
heat s, and also let m gm. be the mass of the calorimetric liquid of specific 
heat s,. Then if /,?C. be the initial temperature of the calorimeter and its content 
before insertion of the body, and if :°C. be the final temperature of the mixture 
(ty>t>t,), then from the principle of calorimetry. 

Heat lost by the body =Heat gained by the calorimeter and its content, 


or, ms(t;—t)— (mis, + Mge)(t— ta) 


(mss cms) — f) * A 
8 SETS (17-7) 
If W be the water equivalent of the calorimeter with the stirrer, then W=my,s, 
(Maset W)(t—t3) Me 3f z 
(c MERE (17:8) 


If water be taken as the calorimetric liquid, then s,—1 ; the equation (17:8) 
then reduces to 
_(m W Yt — t) x 
E EE ves x8 . (i79) 
The specific heat s of the solid can be determined from any of the above 
formulae. In the actual experiment Regnault's 
apparatus is used. It consists essentially of a 
calorimeter C and a steam heater H separated 
by a movable partition P [Fig. 174]. The 
calorimeter is a thin walled copper can C partly 
filled with a liquid. A stirrer S of same material 
as that of the calorimeter and a thermometer Ts 
are introduced into the liquid. To reduce heat 
loss from the calorimeter, it is placed on spikes 
of cork or cardboard inside another metallic 
vessel D. The combination is again placed 
within a wooden box W, the intervening Space | . 
between D and W being packed by dry Fig. 17-4 : Regnault’s apparatus 
or felt. The box is closed at the top by a slotted wooden cover (not showa 
in the figure). : 
The steam heater H, shown separately in 
Fig. 17.5, consists of two concentric copper 
cylinders M and J. The annular space between 
them is closed at the top and the bottom. Steam 
is introduced within this space through the inlet 
tube I and it comes out of the exit tube E. 
The outside of the cylinder J is covered with felt 
or asbestos. The tube M is closed at the bottom 
by a removable shutter L and at the top by a 
cork A having two holes. Through one of them 
a thermometer 7, is introduced, while through 
' the other a string for suspending the solid is 
this string just by the side 


Fig. 17-5: Steam heater 3 
inserted, The experimental solid B 1s hung by 


P-1/25 
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of the thermometer bulb, The steam heater enables the experimental solid to 
be heated without actual contact with the steam. 

The mass (m) of the experimental solid is first determined with the help of a 
balance; It is then introduced in the steam heater. The calorimeter and the 
stirrer are cleaned and dried. "Their mass m, is determined. Calorimetric liquid 
(usually parafün, turpentine oil or water) just sufficient to immerse the 

: experimental solid and the bulb of the thermometer T; is taken in the calori- 
meter and the mass (say, M) is measured. The mass m, of the liquid is 
then given by m=M—m,. The calorimeter is then introduced in the box W. 
The temperature (/,^C.) is noted by the thermometer 7,. Meanwhile the solid 
is being heated and when its temperature becomes steady (,°C), it is noted 
from the thermometer 7,. By raising the partition P, the box W containing 
the calorimeter is slided to a position below the heater. Now by removing the 
shutter L, the string is snapped whence the solid drops inside the calorimeter. 
The calorimeter is then brought quickly back to its initial position and the 
partition is lowered. The top of the calorimeter is closed with the slotted lid. 
The thermometer 7; is introduced into the liquid which is stirred briskly. The 
maximum temperature attained (t°C.) is noted, : 

» The value of the specific heat of the solid, s, can then be calculated from 
eqn. (177), provided the values of s, and s, are known. 


Precautions: (i) The highest temperature recorded by the thermometer T, 
should be kept steady for some time so that the experimental solid attains 


uniform temperature throughout its entire mass. This is very important if it be 


a bad conductor like glass, marble or rubber bung etc, 


(i) The accuracy of the result depends mainly on the accurate measurement 
of the rise in temperature of the calorimeter. Hence the thermometer used 
should be sensitive enough to be read upto 1th or 15th of a centigrade degree. 
(iii) "The amount of the calorimetric liquid taken should be just sufficient to 
immerse the experimental body and the bulb of the thermometer 7;. Excess 
liquid will cause the rise in temperature of the mixture too small to be read 
accurately, 

(iv) The experimental solid should be lowered inside the calorimeter as 
quickly as possible to minimise the heat loss during this process. At the same 
time care should be taken so that no liquid splashes out of the calorimeter 
during such transfer, Similar care should also be taken during stirring of the 
mixture, 


(v) The experimental solid should not dissolve in 


S Fie aes or react chemically with 
calorimetric liquid used, Tad 


(vi) Heat lost by radiation from the calorimeter and its content after 
mixing is not accounted for in the above working relation. The calorimeter is 
suitably insulated to minimise this heat loss as far as practicable This difficulty 
may be avoided: partially by suitably lowering the initial temperature of the 
liquid in the calorimeter (by mixing ice-cold water) so that the temperature of 
the surrounding equals the mean of the initial and final temperatures of the 
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liquid. Thus, if a rise of 6^C. is expected and the room temperature is 30°C., 
the initial temperature of the liquid should be 27°C, The amount of heat lost 
to the surroundings by calorimeter is then compensated by the amount of heat 
gained by the calorimeter. 

N.B, (i) Ifthe calorimeter and the solid be made of the same substance, 
the water equivalent W of the calorimeter becomes equal to m,s. In that case 
the equation (17:9) reduces to 

ms(t; —£)-—(ms--mi;s)(t—t2) wes (17:10) 

Hence, knowing all other quantities, the value of s can be obtained. Thus 
without knowing the specific heat of any other substance, that of any particular 
substance say, copper, can be obtained. 

(ii) The water equivalent W of the calorimeter can be determined by the 
above method, The experimental procedure is the same, but the specific heat of 
the hot body must be known, when W can be found out by using equation (17:9). 

(3) Determination of the specific heat of a liquid: To carry out this 
determination, the specific heat of the heated solid and the water equivalent of 
the calorimeter must be known. The experimental procedure is identical. The 
specific heat s, of the liquid is then worked but by using equation (17:7) and is 
given by 


ms —t) ms, so as dy 


am m(t—ts) m, pi: 


17:12. Choice of water as a Calorimetric substance, 


Though water is widely used as a calorimetric substance, the choice is 
not an ideal one, The specific heat of water is much larger than that of. 
any other liquid. Hence for given quantity of heat supplied, the rise in 
temperature of water will be much less than that of other liquids of the same 
mass, Also, the boiling point of water being 100°C., it becomes impossible to 
carry out measurements by heating the sample to a high temperature since 
some water might get vaporised. 

Oils of known specific heat are sometimes used as calorimetric substances, 
The choice is better in many respects. Specific heat of an oil being almost half 
that of the water, rise in temperature of the oil is almost twice that for a corres- 
ponding mass of water. Moreover, oils are lighter than water. Thus, for the 
given volume of the calorimeter mass of oil contained will be less than that for 
water and hence, the rise in temperature will be correspondingly greater, 
However, the main difficulty with oil lies in the fact that the composition of an 
oil may vary from one sample to other. Hence the specific heat of an oil may 
vary from sample to sample. 

Now a days aniline is choosen as the best calorimetric boue. It is a pure 
chemical with a low specific heat (0:62) and has a high boiling point (183:9*C). 


Example 17-7. 100 gm. of copper are heated to 100°C. and put into 
150 gm. of an oll (sp. heat 0°51) at 10*C., contained in a copper calorimeter 
weighing 40 gm. The temperature rises to 19°5°C. Find the specific heat 
of copper. 
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Solution; Let s be the required sp. heat of copper. 

Heat given out by copper— 100 x sx (100— 19:5) —8050 s cal. 

Heat gained by the oil—150 x 0:51 x (195— 10)—726:75 cai. 

Heat gained by the calorimeter—40 x s x (19:5— 10) —380 s cal. 
-* Heat lost— Heat gained, .". 8050s=726°75-+ 380s, or, s=0°095. 


Example 17:8. A lead ball weighing 200 gm. at 150°C. is added to a 
calorimeter of water equivalent 50 gm. and containing 50 gm. of water at 30°C. 
Find the common temperature (sp. heat of lead 0°03). 

Solution: Heat lost by the lead ball=200 x 0:03 x (150— 1) cal. 
where ż is the common temperature. 

Heat gained by the calorimeter— 50 x (t— 30) calorie 

M Sy URS 1 owater =50 x I x (t—30) calorie 
Heat lost=Heat gained 
200 x 0:03 x (150—1)=(t—30)(50+ 50) 
Solving we get r=36°8°C. 


Example 17:9.. An iron ball weighing 180 gm. is heated to 140°C. and 
dropped in a copper calorimeter containing glycerine, when a rise in tempera- 
ture from 20°C. to 50°C. is observed. The mass of the calorimeter is 50 gm. 
and that of the glycerine is 100 gm. Calculate the specific heat of glycerine. 
Given, sp. heat of iron—0'11, and of copper —0:09. 

Solution: Heat lost by thé iron ball— 180 x 0:11 x (140— 50) 

—1782 cal.’ 

Heat gained by the calorimeter —50 x 0:09 x (50 — 20) — 135 cal. 

Heat gained by glycerine — 100 x s x (50— 20) — 30005 cal. 

where s is the sp. heat of glycerine. 

Heat lost— Heat gained 
1782—135--3000 s, or, s=0°55. 


Example 17:10. 5 gm. of carbon detaches from the tip of an electric are 
and falls in 1 kg. of water at 25°C. The temperature of water is thereby raised 
to 29°C. What is the temperature of the electric arc? (specific heat of 
éarbon=0'2). 

Solution: Let /^C. be the temperature of the electric arc. 

Heat lost by the piece of carbon=5 x 02 x (t —29) cal. 

Heat gained by water— 1000 x 1 x (29 — 25) —4000 cal. 

5x0:2x(t—29)—4000 cal. or, 1—4029*C, 


Example 17:11. A calorimeter contains 570 gm. of water at 30°C. 200 gm. 
of water at 50°C. is thoroughly mixed with it. If the resulting temperature is 
35°C. find the water equivalent of the calorimeter. 

Solution ; Let the water equivalent of the calorimeter be W gm. 

Heat lost by warm water —200 x (S0—35)=3000 cal. 

Heat gained by cold water —570 x (35—30)=2850 cal. 

Heat gained by the calorimeter = W x (35—30) —5W cal., 

3000—2850--5W£, or, W=30 gm. 
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Example 17:12. A calorimeter of water equivalent 15 gm. contains 60 gm. 
of water at 40°C. Due to the loss of heat by radiation its temperature falls 
to 30°C. in 5 minute. If the same calorimeter is filled with 50 gm. of another 
liquid, the time in which the same drop of temperature takes place is found to 
be 2 minute. Calculate the specific heat of the liquid if the rate of heat loss 
in both the cases are assumed to be equal. 

Solution: The heat lost by the calorimeter and water 

=(60-+15)(40—30)=750 cal. 

<. Rate of loss of heat—12—150 cal.[min. If the specific heat of the 
liquid be s, then the heat lost by the calorimeter and the liquid— (50 x s-- 15) 
(40 — 30) — (5005-150) cal .. Rate of loss of heat=(500s+ 150)/2 cal. /min. 
As the rate of heat loss in both the cases are equal, we have (500s-+ 150)/2.— 150, 
or, $5—073. . 


e EXERCISE e 


[A] Essay type questions 


1. (a) What are the factors on which the quantity of heat possessed by a bodysdepend ? 
Explain your answer with reference to a suitable experiment. E 

(b) Define :—Calorie, mean calorie, B. Th. U., C. H. U., therm, Kilo-calorie, 
15° caloric and pound calorie. 

Find, the relation between C. G. S. and F, P. S. thermal units, 

2. Define specific heat of a substance indicating its nature of dependance on the unit 
of mass and the scale of temperature. Describe briefly a method for determination of 
specific heat of a solid insoluble in water. . [Model Questions, H. S. Council, 1978] 

3. (i) Define thermal capacity and water equivalent of a body. Compare them. 

(ii) In experiments by the method of mixture in a calorimeter, we assume that 
the heat lost by the warmer bodies is equal to the heat gained by the cooler bodies. In 
order that the relation may hold, no heat must be allowed to enter or leave the calorimeter 
or be developed or absorbed inside. Will then, the relation hold, if. 

(a) the calorimeter contains water and the solid is sugar, (b) the solid and the 
liquid in the calorimeter react chemically, (c) the calorimeter is kept on a table and exposed 
to the air? Explain your answer briefly. [H. S. 1963] 

4, What is the ‘fundamental principle of calorimetry’? Show that in an ordinary 
calorimeter, the basic assumption behind this principle is not fulfilled accurately. What 
steps are generally taken to fulfil ‘the assumption in a precision type calorimeter ? 

5. Describe an ordinary calorimeter. What is measured by the aid of a calorimeter ? 
What precautions are generally taken to perform this experiment ? 

6. (a) Explain different methods of defining specific heat of a substance and State the 
relevant units. 

(b) Describe a simple experiment for demonstrating the difference in specific heats 
of different substances. [Jt. Entrance *73] 


[B] Short answer type questions 
1. What is the advantage of taking water as the hot substance in a hot water bottle ? 
[H. S. *62] 
2. The specific heat of a substance is equal to its thermal capacity per unit mass, 
Explain, 
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3. What is the difference between specific heat and specific gravity? [Ft. Entrance *79] 

4. Specific heat of Copper is 0:09—Explain, [H. S. 783) 

5. “Specific heat of a substanee is generally defind in two ways"— Write the said two 
definitions, Is there any essential difference between them ? Justify your answer. 


place at a quicker rate than in the case of water, Explain. [H. S, '60] 


7. Suppose that in the determination of specific heat of a solid you are not provided 
with specific heat of material of the calorimeter. Then how do you proceed to perform 


8. Is water a good choice as calorimetric substance? If not, state with proper reason 
your suggestion about a better one. 

9. Suppose you were given a thermometer reading from 0°C., to 110°C, How could 
you measure the temperature of a solid using this thermometer, if it is insoluble in water 
and kept below 0°C ? 

10. Two exactly similar vessels—one containing milk and the other water—are heated 
to a common higher temperature from the room temperature. In which case, will the heat 
required be comparatively smaller and why is it so? [Model Question, H. S. Council, '78] 

ll. You are provided with a thermometer which can read from 0°C to 100°C. Explain 
how with the help of this thermometer you can measure the temperature of a furnace where 
temperature is 2000°C, [H. S. *80] 

12. Why are calorimeters made of metals (generally copper) 4 


[C] Simple Problems 
1. 300 gm. of water at 15°C. are mixed with 500 gm. of water at 30*C. What is the 


resulting temperature 7 [4ns. 24:38*C.] 
2. Some hot water is added to four times its mass of water at 10°C, The resulting tempe- 
rature was 25°C. What was the temperature of the hot water ? [Ans. 85°C.] 


3. An electric heater provides 10 calorie per minute. How much cold water at 0°C. could 
be placed on the heater to raise its temperature to 100°C, in 1 minute? Assume complete 
utilization of heat, -— [Ans. 100gm] 


mixing of the water and ignore heat losses, [Ans. 6 min.] 
5. Equal volumes of mercury and glass have the same capacity of heat, Calculate the 
specific heat of glass of density 2-6 8m.[c.c., if the specific heat of mercury is 0-034 and density 
is 13-59 gm./c.c. 7 [4ns. 0:178] 
6. How much heat is required to raise the temperature of 7 gm. aluminium of specific heat 
0:21 from 10°C, to 30°C, 1 Find also the thermal capacity and water equivalent of: the metal. 


24°C, Calculate the thermal capacity of the calorimeter and its contents, [Specific heat of 
ironzx0:11] [Ans. 21132 cal] 

8. An iron saucepan contains 100 gm. of water of 25°C, 50 gm. of water at 60°C. are 
poured into it and the resultant temperature is found to be 35°C, Calculate the water equivalent 
of the pan, assuming no loss of heat by radiation or Otherwise. If the mass of the pan be 
238 gm., what is the speeific heat of iron 1 LB. S. comp. '69] [Ans. 25 gm. ; 0-105] 

9. An aluminium container of mass 50 gm. contains 100 gm. of water at 25°C. Heat is 
added to the system at the rate of 50 cal.jsec. What is the temperature of the system after 
2 min? Given that, the specific heat of aluminium=0-2, [Ans. 79-5*C.] 
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10. If 900 gm. of water at 25°C. contained in a calorimeter, are heated in 30 min. to 85°C, 
by an electric heater placed in the water, how many calories of heat are given to the water per. 
second by the heater ? Neglect the water equivalent of the calorimeter. [Ans. 30 calorie] 


11. A piece of iron 100 gm. in weight is placed for some time in an electric furnace and is 
then quickly immersed in 550 gm. of water at 30°C. contained in a non-conducting vessel. If 
the temperature of water rises to 40*C., calculate the temperature of the furnace. (Sp. heat of 
irones0:11) [Ans. 540°C.] 


12. A piece of copper weighing 100 gm. having its specific heat 0*095 is heated in a steam 
chamber which has a uniform temperature of 100°C. The piece is then quickly put into 150 
gm. of an oil at 10*C. contained in a copper calorimeter weighing 40 gm. If the temperature 
rises to 19-5*C. calculate the specific heat of the oil. [4ns. 0°51] 


13. A liquid of sp. ht. 0-6 at. 50°C. is mixed with another liquid of sp. ht. 0-4 at 10°C. 
After mixing the temperature of the mixture becomes 20°C, In what proportion by weight are 
the liquids mixed ? [das. 2:9) 


14, Two liquids 4 and Bare at temperatures 70*C. and 30°C. respectively. Their masses 
are in the ratio 3:5 and their specific heats are in the ratio 4; 5. Calculate the resultant 
temperature if the liquids A and B are mixed. Neglect water equivalent of the calorimeter. 

[Ans: 42:97°C,] 

15. A button of charcoal weighing 2 gm. is heated uniformly in an electric arc and dropped 
into 50 gm. of water at 20°C, The temperature of water becomes 46°C, What is the tempera» 
ture of the arc, given specific heat of charcoal is 0-2. Á [Ans. 3296°C.] 


16. A metal forging of mass 600 gm. and specific heat 0-1 is heated to 700°C. and then 
quenched by plunging it into oil. What is the minimum mass of oil at 20°C. contained ina 
vessel of water equivalent 1 kg. that must be used so that its temperature does not rise above 
30°C. Given specific heat of oil=0-45. [4ns. 6711 gm.] 


17. In an industrial undertaking the flue gas at 360*C. is made to warm the water going 
into the boiler. In doing this the temperature of the flue gas falls to 200°C. Calculate how 
much water could be raised in temperature from 20°C. to its boiling point by 0:5 kg. of flue 
gas, assuming the specific heat of flue gas as 0:25. - [Ans. 250 gm.] 

18. Equal volumes of turpentine and water are allowed to cool from 60°C. to 40°C., the 
time taken being respectively 4 mm. and 10 min. Calculate the specific heat of turpentine 
assuming that the rate of heat loss from the water and turpentine are the same. Given, the 
specific gravity of turpentine=.0°88. (Aus. 0:45] 


[D] Harder Problems 


1. 50 gm. of boiling water at 100*C. is added into a calorimeter containing 200 gm. of 
water at 10*C. so that temperature rises to a maximum of 27°C, Now ifa metal at 10°C. of 
unknown specific heat but of mass 100 gm. is dropped into the calorimeter, the temperature 
falls to 20°C. Calculate the specific heat of the metal. [Ans. 0:165] 


2. A hot solid weighing 70 gm. is dropped into a calorimeter of water equivalent 10 gm. 
containing 116 gm. of water. If the fall in temperature of the solid is 15 times as great as 


the rise in temperature of the water, find out the specific heat of the solid. 
(Jt. Entrance '67) [Ans. 0:12] 


3. When a calorimeter of water equivalent 10 gm. containing 100 gm. of water at 90*C. is 
exposed to air, its temperature drops to 80°C. in 5 min. But when this calorimeter containing 
an oil of mass 50 gm. is exposed to air, it takes 2 min. for the same drop of temperature. 
Calculate the specific heat of theoil assuming that the rate of heat loss in both the cases are 
equal. t [Aus. 0:68] 
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4. Three liquids 4, B and C are at 40°C., 30°C, and 20°C. respectively, When equal 
Parts (by weight) of 4 and B are mixed, the temperature of the mixture is 36°C, and when 
equal parts (by weight) of 4 and C are mixed the temperature is 35°C, Find the resulting 
temperature when equal parts of B and C are mixed. [4ns. 26-67°C,] 

5. Exactly 4 gm, carbon was burnt to CO, in a copper calorimeter. The mass of the 
calorimeter is 1*6 kg., and the mass of water in the calorimeter is 3 kg. The initial temperature 
was 25°C. and the final temperature 35°C, Calculate the heat value of carbon in calorie per 
gm. assuming specific heat of copper to be 0-093, [Ans. 7872 cal./gm.] 

6. One metric ton of water is heated from 10°C, to 70°C. using coal having a heat of 
combustion of 1:5x 106 calorie/gm. How many kgs. of coal are required if 60% of the heat is 
useful? One metric ton of water weighs 103 kg. z [dns. 6:67 kg.] 

7. The temperature of equal masses of three different liquids 4, B and C are 12°, 19° 
and 28°C respectively, The temperature when 4 and Bare mixed is 16°C ; and when Band 
C are mixed, it is 23°C, What will be the temperature when 4 and C are mixed. 

: X (L. 1. T.'76) [Ans. 2025*C] 

8. 60 cu. ft. of water meant for bath is heated by a gas burner, The heat giver out by 
burning 1 cu. ft, of the gas is 600 B, Th. U. and the cost of the gas is 95 paise per 1000 cu. ft, 
What will be the cost of heating the bath water from 55°F to 100°F assuming 7095 of the heat 
given out by the burner is delivered to the water » (Jt. Entrance '81) [Ans. 38 paise] 


— 


18 CHANGE OF STATE : PROPERTIES 


18:1. Change of state: Latent heat. 

A substance can exist in any of the three states—gaseous, liquid or solid. In 
the last chapter, we saw that the addition or removal of heat from a substance 
is accompanied by a change in its temperature. This is, however, not always 
true. It is found that during transition from one state to other, a substance 


absorbs or liberates heat without any corresponding change in its temperature. 


The absorbed or liberated heat goes to bring about the change of state. This 
quantity of heat associated with a change of state is known as the latent heat. 
It is so called because the heat does not manifest its presence by producing a 
change in temperature ; “latent” means hidden or concealed. On the other 
hand, when the heat produces a change in temperature of a substance, it is called 
sensible heat. 1 

The latent heat of a substance corresponding to a particular change of state 
depends upon the initial and final states. In the succeeding articles, we shall 
therefore, discuss the phenomenon specifying the initial and final states ie; 
whether the change is from solid to liquid state or from liquid to gaseous state etc. 


18:2. Fusion and solidification. 

The change of a substance from solid to liquid state ts known as fusion or 
melting, The reverse process i.e., the change from liquid to solid state is called 
freezing or solidification. Such change of state of a substance is always 
accompanied by a change in its volume. 

When a solid is heated, its temperature rises till the body begins to melt. 
As soon as the process of melting starts, no further change in the temperature is 


observed ; more supply of heat goes to 

continue the process of melting. As 8 

soon as the solid is completely melted, | D 
with further addition of heat the tempe- 


rature of the resulting liquid again begins 
: MELT 
to rise. , 
This behaviour of a substance can be 


easily demonstrated if we plot the SOLID MELTING! LIQUID 
Sand MEFE RER BRE PS 


temperature of the substance against 

é a TIME ——— 
time, The plot, known as temperature- 

time curve, is shown in the Fig. 18-1. Fig. 18:1: Temperature-time 
: curve for fusion 


The portion AB of the curve represents , 
the increase in temperature of the solid with absorption of heat. At the point 


B, melting begins and the temperature becomes constant. This constancy of 
temperature throughout the process of melting is represented by the portion BC 
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The phenomenon just gets reversed when the liquid is gradually cooled by 
withdrawing heat from it. Consequently, the temperature of the liquid slowly 


falls until it just begins to freeze. Further 

E withdrawal of heat does not produce any 

= change in temperature till the freezing is 

Es completed. The temperature at which 

S freezing takes place is found to be the Same 
FREEZING 4.......N 


as that at which the Solid melts, When 

the last drop of the liquid has solidified, 

the temperature again begins to fall. The 

temperature-time curve in this case would 

TIME — > have the same variation ag DCBA, but 

Fig. 182: Tomperature-time the curve should be drawn the other way 
curve fo freezing round (Fig. 18-2]. 


1 
i 
i 


LIQUID FREEZING SOLID 


The freezing point of liquid substance is the definite temperature at which 


the substance freezes under a given pressure. Usually, the freezing point is the 


` For a pressure of one standardatmosphere, the corresponding melting point or 
the freezing point is known as the normal meltin 


€ point or normal freezing point. 
The normal melting points for some common substances are listed below :— 


Substance | Melting point (ea) | Substance Melting point (°C) 
Ice 0 Copper — 1038 E 
Mercury —39:5 Aluminium 657 
Sulphur 115 Gold 1063 
Cast Iron 1200 (approx) Silver 962 
Zinc 418 Platinu 1755 
Lead 327 : Tungsten 


3300 (approx.) 


substances and mixtures also do not hay 


CHANGE OF STATE : PROPERTIES OF VAPOURS : HYGROMETRY 383 


to the liquid state without change of temperature. The same amount of heat 
is released when unit mass of the liquid solidifies at the same temperature. 

The latent heat of fusion is usually denoted by the letter L. It follows that 
if Q be the amount of heat required (or given out) to melt (or to freeze) a mass 
m of a substance, then : 

Q=m.L. i (18:1) 

Hence latent heat of fusion is expressed in calorie per gram or B. Th. U. per 
pound. For conversion, 

L cal. per gm.—Lx453:6 cal. per Ib. (7^ 1 1b.—453:6 gm.) 


 Lx453:6 
as B. Th. U. per Ib. 
(7^ 1 B. Th. U.=252 calorie) 


: =Lx¥ B. Th. U. per lb. 

Note that the conversion factor $ is simply equal to’the ratio of a degree C. 
toa degree F. The value of latent heat does not, therefore, depend on the unit 
of mass chosen, but does depend on the scale of temperature adopted. 

For example, “the latent heat of fusion of ice is 80 cal. per gm.", means that 
in converting 1 gm. of ice at 0°C., to 1 gm. of water at 0°C., 80 calorie of heat 
must be supplied or in changing 1 gm. of water at 0°C to 1 gm, of ice at 0°C., 80 
calorie of heat will be given out. The value of latent heat of fusion of ice 
in the F.P.S. system will be 80x $—144 B. Th. U. per Ib. 

183. Determination of latent heat of fusion of ice. ` 

(i) Method of mixture: The latent heat of fusion of ice can simply and 
accurately be determined by the method of mixture. | 
A clean and dry calorimeter C provided with a 
wire gauge stirrer S is taken and weighed when 
empty (M gm). Itis filled up partly with water and 
again weighed. The difference of these two gives 
the mass of water taken (m, gm). To reduce heat 
loss from the calorimeter, it is placed on spikes of 
cork or card board inside another metallic vessel 
D [Fig. 18:3]. The combination is again placed 
within a wooden box W, the intervening space 
between D and W being packed by dry cotton or 
felt. The box is closed at thetop by 8 wooden 
cover provided with holes to accomodate a thermo- 
meter 7 and the stem of the stirrer. The initial Fig. 18:3 
temperature (f, °C.) of the calorimeter with water is noted from the thermometer, 

One or two small pieces of ice, after being carefully dried with the help ofa 
blotting paper, are quickly dropped into the calorimeter. Pressing the ice 
always below the surface of water by the stirrer, the mixture is continuously 
stirred. The final temperature (#°C.) is noted after all the ice has melted. The 
mass of the calorimeter with its contents is then again determined. The increase 
in mass gives the mass of ice (m gm. ) added to the calorimeter. If W be the 
water equivalent of the calorimeter, then, 


384 ELEMENTS OF HIGHER SECONDARY PHYSICS 


the héat lost by the calorimeter =W (t; —1) calorie, and 
the heat lost by the water contained in it—m(r,—2) calorie. 


This heat converts the ice at 0°C. to water at 0°C., and raises the tempera- 
ture of the resulting water from 0°C. to °C. If L be the latent heat of fusion of 


fusion of ice, then 
heat gained by ice in melting—;m,L calorie, and the heat gained by the 
resulting water—7t calorie, 
Since, heat lost—heat gained, 
(QV 1 my)y(t— t) mL 1) 
pm tm) _; - (182) 
à ms 
If s be the specific heat of the material of the calorimeter, 
W=Ms 
L-Ustm)yt—i) _ 
Ma 


or, 


t 


. Hence the value of L can be found, 

Precautions: (i) The chief difficulty in the experiment is to get completely 
dry ice. Ifthe pieces of ice are not dried carefully, some water formed by 
melting will adhere to them and the observed value for the mass of ice will 
become greater than the actual value. The error introduced will lower the 
experimentally obtained value of L. 


Gi) During stirring, the pieces of ice should always be kept under the surface 
of water. Otherwise some amount of ice may melt by gaining heat from 
outside. 

(iii) The ice pieces should be dropped very gently so that no water splashes 
out of the calorimeter. 

(iv) Excess ice should not be added to the calorimeter. In that case, 
temperature of the calorimeter may get lowered below the dew point. Hence 
moisture will condense on its outer surface. The latent heat of condensation 
which is given up in such deposition will be gained by the calorimeter, the 

_ amount of which can not be correctly ascertained, 

(V) The thermometer must be sensitive one capable of reading upto jth or 
or 4sth of c centigrade degree. 

(vi) Since the final temperature is less than room temperature, the 
calorimeter may acquire some quantity of heat from the surroundings. This can 
be prevented by suitably insulating the calorimeter as discussed before. An 
alternative way is to raise the initial temperature of the water in the calorimeter 
4°C. or 5°C. above the room temperature. The amount of ice to be added is 
suitably adjusted, so that the final temperature of mixture lies below the room 
temperature by the same amount. The amount of heat gained from the 
surroundings by the calorimeter is then compensated by the amount of heat lost 
by calorimeter. 
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(ii) Black’s ice calorimeter: It consisted simply of a block of pure ice, 
free from bubbles, in.which a cavity has been scooped out (Fig, 18:4]. The 
upper surface of the block is made plane and a fiat 
slab of ice is placed on it to cover the mouth of the 
cavity. A hollow space covered on all sides by ice 
at the melting point is thereby obtained, 

A suitable piece of a substance of known specific 
heat is taken and is weighed. It is heated to a known 
temperature. The cavity is then carefully wiped dry 
with a piece of cotton wool or blotting paper. The Fig. 18:4: Black's ice 
hot body is then quickly placed inside it aad imme- calorimeter 
diately the upper slab, which has also been wipped dry, is placed in position, 
In a few minutes, the temperature of the body will fell to that of melting ice 
and some ice will melt. The slab is then removed from the block, The 
cavity as well as the surface of the body is wiped dry with a piece of cotton 
wool or blotting paper which had been previously weighed. It is then again 
weighed. The increase in weight gives the mass of ice melted. 

Let, the mass of the body=m gm. 
its initial temperature—/?C. 
its specific heat =s 

Then, since its final temperature is 0°C. 

heat lost by the body— ms; cal, 


If the mass of ice melted be M gm. and L be the latent heat of fusion of ice 
then “ 


heat gained by ice in melting— ML cal. 


ML=mst Of, — m a (18:3) 
Hence J, can be found.. 

The advantages of the method are (i) there is no loss of heat from the 
calorimeter by radiation and (ii) only the temperature of the hot body is to be 
measured. This may be accurately determined. There is no necessity of 
measuring the rise or fall of temperature in the calorimeter unlike other 
methods. 

The main disadvantages of the method are : (i) it is very difficult to obtain 
large block of ice of sufficient purity and (ii) some water alway? gets evaporated 
from the cotton wool during the final weighings. 


18:4, Effect of dissolved substances on melting point. 


A solution has a lower freezing point than the pure solvent. As for example, 
the freezing point of a solution of common salt inwater is much lower than 
0°C., the freezing point of water. The actual freezing point which may be as 
low as —21°C., depends on the concentration of the salt solution, Sea-water, 
thus, has a freezing point below 0°C. Similarly, milk freezes ata temperature 
of —1:03*C. 
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usually made of these alloys. à 

Freezing mixture : When common salt is mixed with ice, the mixture is 
above its freezing point. Some of the ice, therefore, melts taking the necessary 
latent heat from the mixture. The temperature of the mixture falls and 
ultimately it becomes very cold (—21°C), A mixture of ice and salt (usually 3 
parts of ice to 1 part of salt) is thus called a freezing mixture. An even colder 
one. (temperature ; — 2°C) may be Prepared by mixing calcium chioride 
(3 parts) with ice (2 parts), 


` change in volume of the Substance, although during transition temperature 
remains constant. Most Substances increase in volume while they liquefy and 
contract during solidification, Hence their densities inczease on freezing so that 
the solid form sinks in the liquid form. 
There are, however, some important ‘exceptions to this general rule. Ice, 
cast iron, antimony, type-meta] (an ailoy of copper, lead and antimony) etc., 


contract on melting and expand on Solidification, Hence, their densities decrease 
on solidification. As a result 


liquid form. Thus ice floats on water, 


Demonstration experiment: A test tube is 
half-filled with flakes of wax. On heating in a 
burner, the wax will melt. If two or three small 
Pieces of wax are then dropped inside the test tube, 
they are found to sink below [Fig. 18:5 (2). Wax, 
therefore, contracts on Solidification. If in another 
test tube half-filled with Water, a small piece of 
ice is dropped, it will be found that ice floats on 
water [Fig. 18:5 (5)]. Hence water expands on 

Fig. 18-5 solidification, 

Practical applications : In the case of ice, 10 c.c. of water gives nearly 

11 c.c. ice. Due to this fairly large expansion, a strong force is developed and 


may produce a burst in the radiator, So, ‘anti-freeze’ (e.g, glycerine, ethyl 
glycol) is added to give a low freezing point solution. Exposed water pipes are 


| 
] 
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also found to burst during very cold weather due to the same reason. Rocks 
are split by the large force exerted when water which seeped into crevices, freezes 
during winter. 

The phenomenon of expansion of a substance on solidification also. serves 
useful purposes. The fact that ice floats in water helps to preserve marine life 
[vide Art. 15-10]. When molten type-metal is Poured into a mould, it expands 
on freezing, so that a sharp impression is obtained. Due to the same_ reason, 
good castings of various designs are obtained with iron. 

18:6. Effect of pressure on the melting point, 

We have already mentioned that the melting point of a substance depends 
upon the pressure to which the substance js subjected. The nature of the 
dependence is as follows : 

(1) For substances which undergo expansion in volume on melting, an increase 
in pressure results in an elevation of the melting point. 

(2) For substances which undergo contraction in yolume on melting, the 
melting point is depressed with increase in pressure. 

For example, when paraffin. melts, its volume increases and the melting point 
of paraffin increases by about 0:04°C. per one atmosphere increase in pressure, 
Again, the volume of ice diminishes when it melts and the melting point of ice 
is lowered by about 0:0073°C, per one atmosphere increase in pressure, 

The above facts can be explained very simply. An increase in pressure 
always produces a diminution in the volume of a substance, Thus, fora 
substance which expands on melting, an increase in pressure opposes the process 
of melting. The melting point, therefore, gets elevated. On the other hand, 
for a substance which contracts on melting, an increase in pressure facilitates the 
process of melting. The melting point thus gets lowered. 

Regelation: If two lumps of ice at 0°C. are Squeezed together tightly and 
then released, it will be found that the pieces stick together. The applied 
Pressure causes a lowering of the melting point of ice at the surface of contact. 
Hence, the ice at these points melts. When the pressure is released, the melting 
point again increases to 0°C., so that the water freezes and binds the pieces 
firmly together. This phenomenon of melting under pressure and freezing again 
after the pressure is released, is called regelation (refreezing). 

Demonstration experiment: The phenomenon of regelation can be 
demonstrated strikingly by the following 
simple experiment originally performed by 
Bottomley. A thin copper wire carrying two 
equa! heavy weights at the two ends is placed 
over the surface of an ice block supported at 
its ends [Fig. 18-6]. The wire is found to cut 
right through the block, but the block remains 
intact, Due to the heavy weights, the copper 
wiré produces a high pressure on the ice. This 


. pressure lowers the melting point of ice directly 


: z ig. 18:6 : t ^ i 
beneath the wire, so that ice melts and the Tage O: Botlonie'e experiment 
resulting water flows up above the wire. The latent heat required for the 

` ` 
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melting is supplied at the first instance by the surrounding atmosphere. As 
the pressure is then released, the water above the wire refreezes. The latent 
heat released in the process is conducted down through the wire to supply 
the necessary heat for further melting of the ice below the wire. This goes 
on until the wire passes through the ice block. 

From the above discussion, it is obvious that the conduction of heat through 
the wire, from the water freezing above the wire to the ice beneath it, is 
necessary. Since iron has a lower thermal conductivity than copper, an iron 
wire is less effective for a quick demonstration. A cotton string of low 
conductivity is quite unsuitable for this demonstration. 


18-7, Laws of Fusion. 1 

The various facts discussed in connection with fusion can be summarized in 
the following laws, commonly known as the laws of fusion :— 

(1) Every pure substance under a definite pressure melts at a particular 
temperature, called its melting point. This temperature remains constant 
throughout the process of melting. The melting point of a solid is the same as 
the freezing point of the corresponding liquid. Different substance melt at 
different temperatures, 

(2) With increase in pressure, the melting points of the substances which 
contract on melting are lowered and the melting points of those which expand 
on melting are elevated. 

(3) The freezing point of a solution is always lower than that of the pure 
solvent. 

(4) During fusion, unit mass of the substance absorbs a certain constant 
amount of heat, which is called the latent heat of fusion. Unit mass of the 
corresponding liquid gives out the same amount of heat during solidification. 
The latent heat of fusion, though constant for a particular substance, varies 
_from substance to substance. 


18:8. Vaporisation and Condensation. 


The conyersion of a substance from liquid to the vapour or gaseous state is 
known as vaporisation. The reverse process i.e., the transformation from the 
vapour to the liquid state is known as condensation or liquefaction, When a 
liquid vaporises, the volume of the substance invariably increases, Vaporisation 
may take place in two ways viz., (i) evaporation and boiling. 


(i) When the vaporisation of a liquid occurs slowly at any temperature from 
the exposed surface of the liquid, the process of vaporisation is known as 
evaporation. 


(ii) The process of vaporisation of a liquid which occurs rapidly at a fixed 
temperature whose value depends upon the pressure on the liquid surface, is 
called boiling or ebullition. Boiling takes place throughout the whole volume 
of the liquid. 


We shall now discuss these two phenomena in somewhat greater detail. 
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18:9. Evaporation. 

It is a common experience that if a shallow dish filled up with water is left 
in the open, the amount of water contained in it diminishes gradually and 
ultimately the dish dries up completely. The obvious explanation is that the 
water evaporates slowly and continuously from the exposed surface, Evapora- 
tion is responsible for the gradual drying up of small pools, tanks etc. in 
summer. Wet garments hung up in the open become completely dry, because 
water escapes by evaporation. 

Some liquids e.g, ether, alcohol etc. are found to evaporate very rapidly ; 
they are called volatile liquids. On the other hand, these liquids which do not 
evaporate rapidly. are called non-volatile liquid, e.g., olive oil, coconut oil, 
glycerine etc, 

When a liquid evaporates, heat must be supplied to bring about this change 
of state. The amount of heat necessary for evaporation of a unit mass of a liquid 
is called its latent heat of evaporation. Its value -is found to depend upon the 
temperature at which evaporation takes place. 


If the heat is not supplied from outside, the liquid itself supplies the latent 
heat necessary for evaporation, so that its temperature goes down. Thus 
evaporation produces cooling. If a few drops of ether or spirit be placed on our 
skin, we get the sensation of cold. Asthe drops evaporate quickly, the latent 
heat necessary for the purpose is obtained from the skin which thus cools, Due 
to the same reason, we feel cold when after perspiration we expose our body to 
a breeze or sit below a fan. Water is kept cool in summer time by using an 
unglazed earthen container. Water seeps out through the pores and evaporates 
producing cooling. Wind coming through a screen of khas-khas sprinkled with 
water gets cooled due to the evaporation of water. 


Factors affecting evaporation. 


(i) Effect of temperature: The rate of evaporation of a liquid increases 
with increase in temperature. 

(i) Effect of area of the exposed surface : The rate of evaporation increases 
as the area of the exposed surface of the liquid increases. 

(iii) Nature of liquid: The rate of evaporation varies with the nature of 
the liquid itself; The lower the boiling point of a liquid, the greater is its rate 
ofevaporation, Volatile liquids thus have low boiling points. 

(iv) Effect of superincumbent pressure: The rate of evaporation increases 
with decrease in the superincumbent pressure i.e,, the pressure on the liquid 
surface. So the rate of evaporation is maximum in vacuum. 

(V) Effect of the quantity of vapour in contact with the liquid: The rate of 
evaporation decreases with the increase in the amount of vapour of the liquid 
present over the liquid surface. So in humid weather, water evaporates slowly, 
That is why clothes dry up more quickly in winter than in the rainy season. 

(vi) Effect of wind: The rate of evaporation increases, with the flow of 
air in contact with the liquid surface, Essentially, this is due to the fact that 

P-1/26 s 
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the wind carries away the liquid vapour so that the space near the liquid 
becomes more or less free from its vapour and vaporisation takes place quickly. 
This explains why wet clothes dry rapidly ona windy day and the perspiration 
evaporates rapidly from our bodies when we sit below a fan. 


18-18. Boiling. 


If a liquid is gradually heated, the temperature of the liquid rises steadily, 
Meanwhile, the evaporation of the liquid from its surface continually takes 
place, becoming brisker, with rise in temperature. With further increase in 
lemperature, a stage is reached when bubbles of vapour form throughout the 
liquid and rise to the surface producing a simmering sound, This Stage is called 
the boiling of the liquid. The temperature then remains constant until all the 
liquid has been converted into vapour. The heat supplied during this process 
is thus utilized only in effecting the change of state from liquid to vapour. This 
definite temperature at which a liquid boils is called the boiling point of the liquid. 
It is found to be different for different liquids, 

The boiling point of a liquid depends upon the superincumbent pressure, 
The normal boiling point of a liquid is defined as that temperature at which a 
liquid boils under normal atmospheric pressure, For water, the normal boiling 
point is 100°C, : 

Boiling point of a liquid is affected by the presence of dissolved substances 
in it, But the temperature of the vapour remains the same as in the case of the 


Q=mL 
Effect of pressure on boiling point ; 


We have already mentioned that the boiling point of a liquid depends upon 
the superincumbent pressure. With an increase in pressure on the liquid surface, 
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the boiling point of the liquid rises while the boiling point gets lowered with a fall 
of pressure on the liquid surface. The explanation is obvious if we remember 
that vaporisation always produces an increase in volume. 


Demonstration Experiment. 


The lowering of the boiling point of a liquid with decrease in the superin- 
cumbent pressure can be beautifully demonstrated by a simple experiment due 
to Franklin. 


A round bottomed flask is half-filled with water and is heated by a Bunsen 
burner. When the water boils vigorously, a rubber stopper provided with a 
thermometer is tightly inserted into its mouth. The 
flask is then removed from the flame, wherefore the 
boiling ceases in a short time. Next the flask is 
turned upside down and clamped as shown in the 
Fig. 18/7. If some cold water is poured over the 
flask, it is found that the water inside the flask 
begins to boilagain. The reading of the thermo- 
meter now indicates that the water boils at a 
temperature few degrees below 100°C. 

The explanation of the phenomenon is as 
follows. The space above the water in thé flask 
is filled up with water vapour, When the flask 
is cooled, some of the vapour condenses thereby 
reducing the superincumbent pressure. Due to this, 
the boiling point of the liquid is also lowered. The Fig. 18-7: Franklin's 
temperature of water which is already fairly high, experiment 
now becomes greater than the reduced boiling point. Consequently, the 
water again starts boiling, 


Variation of boiling point with altitude: The atmospheric pressure decreases 
as we go upwards being greatest at the sea-level. Hence the boiling point of a 
liquid should decrease if it is taken to higher altitudes. It follows that in hill 
stations like Darjeeling, water will boil at a lower temperature than on the 
plains. This phenomenon renders the cooking of meat etc. more difficult at hill 
stations than in the plains. : 

It has been found that for an increase of about 300 metre in altitude, the 
boiling point of water decreases roughly by 1°C. On the peak of Mt. Everest 
(8:7 km. high), water boils at 70°C. approx. 

Practical applications : The raising or lowering of boiling point with rise 
or fall of pressure has got wide industrial applications. Water is boiled at 
pressures above the atmospheric and steam at temperature higher than 100°C. 
is obtained. This is utilised for sterilisation work in hospitals or for sterilising 
canned food etc. Steam at about 200°C. is used in boilers of locomotive 
engines. A common household application is found in pressure cookers. Ina 
pressure cooker, the water is taken in a closed vessel provided with a valve. 
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This is adjusted to open at some desired pressure above the atmosphere. When 
the water is heated, the pressure inside the cooker rises gradually till it becomes 
sufficient to open the valve, The water then boils steadily at the temperature to 
which it has risen. The pressure inside the cooker is kept constant at the higher 
value by the valve which allows steam to escape as rapidly as it is produced. 
Generally, the valve is so adjusted that within the cooker water boils at about 


110°—115°C. Cooking becomes quicker due to such greater temperature and 
pressure. 


18:11. Distinction between Evaporation and Boiling, 

From the previous discussions, the distinction between evaporation and 
boiling can be written down as : 

(i) Evaporation is a slow process while boiling takes place rapidly, 

fii) Evaporation takes place only from the exposed surface of the liquid, 
but boiling takes place throughout the entire volume of the liquid. 

(ili) For a definite value of the superincumbent Pressure, boiling takes place 


at a definite temperature, but evaporation takes place at any temperature under 
any pressure, 


(iv) Even if no heat is supplied from outside, the evaporation of a liquid 
goes on; in that case, its temperature is lowered, But for boiling, the 
necessary heat must always be Supplied from outside and the temparature of 
the liquid remains constant throughout. 

(v) Forevaporation of a liquid, the corresponding latent heat depends 
upon temperature, while for boiling, the latent heat is a constant for a particular 
substance. 


18:12, Laws of Boiling, 


The various facts about boiling can be Summarized in a set of laws known as 
the Jaws of boiling. The laws are 4 

(1) Fora particular value of the superincumbent pressure, every liquid boils 
at a definite temperature, called its boiling point, Until all the liquid has 
vaporized, this temperature remains constant, 

(2) The boiling point of a liquid gets elevated or lowered, according as the 
superincumbent pressure increases or decreases, 

(3) On dissolving solids or gases in a liquid 
general, solids dissolved in liquids raise the b 
in liquids usually lower the boiling point, 

(4) If two or more liquids are mixed, the 
temperature lying between the boiling points of 


18:13. Determination of the latent heat of Steam, 
A clean and dry calorimeter is weighed together with the stirrer, It is then 
filled up with water upto about two-thirds and again weighed, The difference 


between these two weights gives the mass (m gm.) of the water taken. The 
initial temperature (t°C.) is noted with a sensitive thermometer. 


» its boiling point shifts, In 
oiling point. Gases dissolved 


mixture, in general, boils at a 
the pure liquids, 
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Steam issuing out from a boiler B is then led by an exit tube E into the 


water in the calorimeter C [Fig. 18:8]. Care must be taken so that any water 
which might be produced by the con- 


densation of steam during its passage 
from the boiler to the calorimeter, 
does not reach the calorimeter. A 
steam trap S is used to prevent this, 
This consists simply of a wide bore 
glass tube fitted with rubber stoppers. 
The tube E leads into this glass tube 
through the upper stopper as shown in 
the figure. . Water formed due to con- 
densation of steam is collected at the 
bottom and is drained out through the 
side tube T. Dry steam goes out of 
S through the tube D and enters the 
calorimeter, In order that any direct i ed 
heat does. not reach the calorimeter Fig. = 188. Doremnation of latan 
from the boiler, a wooden partition P 

is placed between them. To prevent the ios from the calorimeter to the 
surroundings by radiation, the calorimeter is properly insulated, 

As the steam passes into the water in the calorimeter, it condenses giving up 
the latent heat so that the temperature of water will gradually rise, 

The water is continually stirred and after some time, the supply of steam is 
cut off and the final temperatue (t°C.) is carefully noted from the thermometer, 
The calorimeter with its contents is then allowed to cool, and then again 
weighed. The difference of the last two weights gives the mass of the steam 
condensed (m' gm.). 

If L be the latent heat of steam in calorie per gm., then heat lost by the 
steam at 100°C. in condensing into water at 100°C=m'L calorie. 

Heat lost by this water in cooling to a temperature of /?C.—;'(100— ;) 
calorie. 


If W be the water equivalent of the calorimeter, then heat gained by the 
calorimeter = W(t—1;) calorie. 
Heat gained by the water contained in it=m(t—t,) calorie, 
Since, heat lost —heat gained, 
m! L4-m' (100—7) -(W--myt—1;) 


or, y deni Lem —(100—1) » 20 (18-5) 


Hence L can be found out. 

In this experiment, error due to heat loss by radiation from the calorimeter 
may be minimised by an alternative method. The calorimeter with its contents 
is cooled so that the initial temperature lies a few degrees below the room 
temperature. At the instant the temperature of the calorimeter rises by the 
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same amount above the room temperature, steam is shut off. The heat lost by. 
the calorimeter to the surrounding is then compensated by the heat gained by 
the calorimeter from the surroundings. 


Example 18:1. How much heat is required to melt 200 gm. of zinc, having 
initial temperature 25°C. > Given, for zinc, sp. heat=0°1, melting point —4227C, 
latent heat of fusion=28 cal.|gm. 

Solution: (a) Heat required to raise the temperature of zinc from 25°C, 
to 422°C. —200 x 0-1 x (422 —25)— 7940 cal. 

(b) Heat required to melt it at 422*C. —200 x 28 =5600 cal. 

Hence the total heat required — 13,540 cal, 


Example 18:2. 4 calorimeter with some water at 35^C. weighs 814 gm. 
It weighs 914 gm. when a few pieces of ice are dropped into it. If the final 
temperature be 10°C, find the latent heat of fusion of ice. Given mass of empty 
calorimeter=500 gm. and sp. heat of copper—0'09. 

Solution : Mass of water —814— 500—314 gm. 

Mass of ice—914—814—100 gm. 
The heat given out by the calorimeter and water 
=500 x 0:09 x (35 — 10)--314x (35—10)—1125-1-7850 —8975 cal. 

Let the latent heat of fusion of ice— r, cal./gm. 

Heat required to melt 100 gm, of ice to water at 0°C.—100 Z cal, 

Heat required to raise 100 gm. of water at 0°C to 10°C=100 x 10—1000 cal. 

Hence from the principle of calorimetry, 100 Z- 10008975 

L=79:75 cal.[gm. 

Example 18:3, 4 calorimeter at 20°C, contains 500 gm. of mustard oil. 
The water equivalent of the calorimeter is 50 gm. When 30 gm. of ice at 0°C. 
are added to it, the temperature falls to 10°C. Find the specific heat of the oil. 
Given, latent heat of fusion of ice—80 cal./gm. ; 

Solution: Heat gained by ice in melting =30 x 80—2400 cal, 

Heat gained by water, formed by melting, in being heated from 0°C. to 
10*C.—30 x (10—0) —300 cal. 

Heat lost by the calorimeter= 50x (20 — 10)— 500 cal. 

If s be the specific heat of the oil, then heat lost by the oil 

=500 x s x (20—10)— 5000 x s cal. 
From the principle of calorimetry, 
5000 s+ 500 —2400-1-300 or, s=0°44, 

Example 18:4. 20 gm. of water at 70°C. is mixed with 20 gm. of ice at 
—10°C. Find the result. Given, sp. heat of ice—0'5, latent heat of fusion of 
ice=80 cal.|gm. 

Solution: Heat required to raise the temperature of ice from —10°C. 
to 0°C.=20 x 0'5x (0— (—10)] —100 cal. 

Heat required to change the ice at 0°C, to water at 0°C, 
=20 x 80 =1600 cal. 


CHANGE OF STATE : PROPERTIES OF VAPOURS : HYGROMETRY 395 


Thus to convert the whole mass of ice to water at 0°C., total amount of 
heat required—100+1600=1700 cal. Now, heat given out by water when ite 
temperature falls from 70°C. to 0°C. =20x(70—0)=1400 cal. 

This amount of heat is not sufficient for melting all the ice. As the heat 
required to bring the ice up to 0°C. is 100 cal., the remaining (1400— 100) — 1300 
cal. is utilised for melting ice. 

amount of ice melted —1399 — 16:25 gm. : 

Hence the result is (i) whole mixture is at 0°C. (ii) the amount of ice which 
remains unmelted — (20 — 16:25) —3:75 gm. 

(iii) the amount of water at 0*C.—(20-- 16:25) —36:25 gm. 


Example 18:5. Dry steam from a kettle, boiling at 100°C., is passed 
directly in 4 kg. of water at 10°C. and raises its temperature to 40°C. How 
much steam has been condensed, if the latent heat of steam is 540 cal. per gm. ? 

Solution: Let the mass of the steam condensed=m gm. 

Heat given out by steam at 100°C, in changing to water at 100°C. 

=m x 540 cal. 
Heat given out by water at 100°C. in cooling to 40*C, —71.(100 —40) cal. 
Heat gained by cold water—4000(40— 10) cal. 
Total heat lost by steam—heat gained by cold water 
. mx540+m(100 —40)=4000(40—10) whence, m=200 gm, 


Example 186. A calorimeter of water equivalent 100 gm. contains 500 gm. 
of water at 25°C. If 200 gm. of ice at 0°C. are added to it, then (a) how much- 
ice will remain unmelted ? (b) How much steam at 100°C. must then be blown 
into the mixture to raise the temperature to 25°C. ? (Latent heat of fusion of 
ice=80 cal./gm. Latent heat of vaporisation of water —540 cal.[gm.) 


Solution : (a) Let m gm. of ice be melted: The heat given out by the 
calorimeter and its contents—(500--100)(25—0) cal. Heat taken in by m gm. 
of ice in melting at 0°C.—m x 80 cal, 

.. From the principle of calorimetry, 

(500+ 100)(25—0)—=m x 80 ; or, m=187'5 gm. 

Thus (200—187:5) or 12:5 gm. of ice will remain unmelted. 

(b) Letw gm. of steam at io be blown into the mixture in order to 
raise its temperature to 25°C. . Heat lost by the steam 

= X 540 3 x (100 25) sw x 615 cal, ~ - (i) 

The heat gained by the calorimeter and its contents—heat oia to melt 
12-5 gm. of ice at 0°C, +heat required to raise the temperature of the calorimeter 
with its contents from 0°C. to 25°C. 

—12:5x 80+ (500+ 100-+200)(25—0)=21,000 cal. ... se (i) 

Equating (i) and (ii) we get 615w=21,000 ; or, w—34:15 gm. 


Example 18:7. A vessel contains a small quantity of water init. Air is 
being rapidly pumped out from the vessel. Asa result of intensive evaporation 
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the water gradually freezes. What fraction of the initial quantity of water can 
be converted into ice in this Process? Given for water, latent heat of fusion=80 
cal.|gm. ; of vaporisation=540 cal./gm. 
Solution: Let m=mass of water before pumping began. 
+ m, —mass of water converted into ice. 
and — ;m,—mass of water converted into vapour, 
m=m,+m, 


The heat required to produce the vapour can be obtained only from the 


latent heat of fusion liberated during the freezing of the water. 
Heat liberated during the freezing of m, gm. of water is H= 


mL, 
where L, is the latent heat of fusion of water. 


Since m; gm, of vapour are produced with this heat, we have meu 
2 

where Lg is the latent heat of vaporization of water. 

a =m, +24 Lll da) 

mmm +m + Tt =m (14 ü 

Oth CHRIS — 540 30 27 

"m LL, 801540 620 3i 
Example 18:8. 4 sealed metal container is immersed for a few minutes in 


liquid oxygen at —180°C. and then transferred rapidly to a copper calorimeter 
containing water and of total thermal capacity 100 cal. degC. The tempreature 
of the water is observed to fall from 22C. to 20°C. When the experiment is 
repeated with the container partly. filled with 5 8m. of Water and re-sealed, the 
water in the calorimeter cools from 20°C to 10°C. Assuming no heat exchange 
between the calorimeter and its Surroundings, obtain a value Sor the mean speci- 


fic i of ice between —180° to (sc. [ The latent heat of fusion of ice—80 cal. 
gm- 


(London) 
Solution ; 


Let W be the thermal capacity of the em 


W(180-+20)—100 x2 
or W=1 cal./*C. 
When the metal-containey contains water in it. 
When dipped in liquid oxygen th i i i i 
Dips. b eu. YEen the water in the container immediately 
Heat gained 


ained by the container+ contents. — 
and the water in it, 


Heatlost by the calorimeter 
W(180--10)4-5 cs x 180+5 x 80— 100, 10 


where s is the specific heat of ice between — 180°C. to 0° ing W=1 
cal,/°C., we get s=0-4 cal./gm. °C, Mec Met. 
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PROPERTIES OF VAPOURS 


18.14. Vapour exerts pressure. 

When a liquid evaporates, the resulting vapour exerts a pressure, like gas, 
on any surface with which it comes into contact. This pressure is known as 
vapour pressure, existence of which can be demonstrated by the following simple 
experiment. 

Demonstration Experiment. 

A smail glass bulb containing a volatile liquid, such as ether or alcohol, 
which floats on water is connected by rubber tubing 
to a flask partly filled with water [ Fig. 18:9 ]. 
With the help of a pinch-cock attached to the 
rubber tubing, the inflow of the liquid into the 
flask can be regulated. The mouth ofthe flask is 
closed tightly by a rubber stopper through which 
a glass tube is inserted into the flask. One end 
of this tube dips’ under the surface of the water. If 
the pinch-cock is now opened, the liquid enters 
the flask and evaporates. A little later, the pressure 
exerted by the resulting vapour will become suffi- 
cient to drive the water up through the glass 
tube. A spray of water then issues out of it. 

18-15. Saturated and unsaturated vapour. 

Ifaliquid is allowed to cvaporate in closed space, it is found that after a 
small interval of time evaporation of the liquid ceases, Thus, at a given 
temperature, there exists a maximum limit to the amount of vapour the space can 
hold. The space is then said to be saturated with the vapour. Whenever this 
condition is fulfilled, the vapour is known as saturated vapour, 

At a given temperature, if a space cc itains a smaller quantity of vapour than 
the maximum possible amount the space isthen said to be unsaturated. The 


Fig. 18.9 


corresponding vepour is also called saturated vapour. 
Demonstration Experiment. 
Two barometric tubes, 


each about 1 metre long, are completely filled up 
with mercury and then inverted over a mercury 
trough [Fig. 18-10.] In each tube, mercury will 
stand to the same height corresponding to the 
atmospheric pressure, The space at the top of 
each tube represents the Torricellian vacuum, 
Now with the help of a dropper, small quantity 
of a liquid, say water or ether, is introduced into. 
one of the tubes drop by drop, Being lighter 
than mercury, the liquid drop rises to the top of 

é the mercury. As the pressure in this space is 
Fw. 16:10 extremely low, the liquid immediately vaporises. 

The pressure exerted by the vapour so formed, depresses the mercury qolumn 
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However, on continuing this Process, a stage is soon reached when the 


the vapour is maximum at that temperature, This pressure is known as the 
saturated vapour pressure (abbreviated S, v. P) of the liquid corresponding to 
that temperature and is measured by the maximum depression of the mercury 
column. We thus formally define that the saturation vapour pressure of a 


liquid at a particular temperature is the maximum pressure exerted by its vapour 
at that temperature. 


Keeping this in mind 
can also be given as : 

(i) When the pressure exerted by a vapour at a particular temperature equals 
the maximum value it can exert at that temperature, it is Said to be saturated. 

(ti) When the Pressure exerted by a vapour at a particular temperature is 


! temperature, it is said to be 


unsaturated ; fhe corresponding vapour Pressure is called the unsaturated 
vapour pressure, 


, the definitions of saturated and unsaturated vapour 


different for different liquids. 


18:16. Effect of change of volume at constant temperature, 

(à) Unsaturated vapour: The effect of change of volume at à constant 
previous article, We have already noted that 
liquid in the Space above the mercury column, 
vapour. The pressure exerted by this vapour js equal to the depression of the 


mercury column and its volume can be Tead off directly from graduations 
marked on the tube. 
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If the tube is now gradually raised, the lower end of the tube always 
remaining under mercury, the volume occupied by the vapour increases. It 
will be noticed that the length of the mercury column in the tube always 
increases ; this shows that the pressure of the vapour decreases. If for different 
positions of the tube, the pressure and volume of the vapour are noted, it will 
be found that their product remains practically constant. ‘ 

Similar approximate constancy of the product of pressure and volume of 
unsaturated vapour is observed when the tube is pushed into the trough, 
thereby decreasing the volume occupied by the vapour. This holds till a part 
of the vapour condenses into liquid and collects above the mercury column. 
The vapour is then no longer unsaturated but is saturated at that temperature. 
Hence, we conclude that, 

an unsaturated vapour obeys Boyle’s law approximately. 

(b) Saturated vapour : If additional amount of the liquid is introduced 
gradually into the tube, the space will ultimately become saturated, when a thin 
layer of liquid collects over the mercury column. Lowering of the tube into the 
mercury trough shall produce a decrease in the volume of the saturated vapour. 
But it is found that the height of the mercury column remains unchanged, while 
some vapour condenses, shown by the gradual thickening of the liquid layer. 
On raising the tube, some liquid evaporates to keep the space saturated. In 
this case also, the height of the mercury column remains unchanged. Thus, 

at a given temperature, the saturation vapour pressure is independent of the 
volume occupied by the vapour. Hence, Boyle’s law is not obeyed by a saturated 
vapour. 

The above facts are represented graphically in the Fig. 18-11. For a given 
quantity of unsaturated vapour, reduction in volume produces a corresponding 
increase in pressure according to Boyle’s D 
law. This is represented by the portion 
AB of the curve. At B, the vapeur 
gets saturated, when with reduction of 
volume its pressure remains the same. 
The saturated vapour gradually condenses 
in liquid. The portion BC of the curve 
represents this change. At C the con- R 
densation gets completed, when further VOLUME —> 
increase in pressure produces negligible 
change in volume because a liquid is Fig. 18:11 
almost incompressible. The portion CD of the curve is, therefore, very nearly 


parallel to the pressure axis. 


18:37. Effect of change of temperature. 

(a) Unsaturated vapour: The variation with temperature of the pressure 
exerted by a vapour can be simply studied by surrounding the tubes with a 
suitable bath. 

For unsaturated vapour, the pressure at constant volume is found to increase 
with increase in temperature according to the Pressure law (vide Art. 16:5). 
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If on keeping the volume constant, the temperature is lowered, the pressure 
exerted by the unsaturated vapour decreases according to the same law till the 
space is saturated at the lower temperature. At this stage with further lowering 
of temperature, part of the vapour condenses and the pressure of the saturated 
vapour varies in a different manner, as will be discussed below. 

(b) Saturated vapour: With increase 
in temperature, the saturation vapour 
pressure of a liquid generally increases. The 
increase, however, does not take place 
according to the Pressure law, but takes 
place much more rapidly. Thus, saturated 
vapour does not obey Pressure law. 

: Fig. 18:12. shows the variation of S.V.P. 

0 50 100 of water with temperature. From the graph, 

TEMPERATURE(C) > we see that the S.V.P. is not zero at 0°C, 

Fig. 1812: Saturation vapou being equal to about 04 cm, of Hg. With 

pressure curve for walei increase in temperature, the S. V.P, at 

.first increases gradually and then much more steeply, At 100°C. the S. V. P, 

is 76 cm, of Hg. For other pure liquids, the vapour pressure curve is of 

the same general shape. 

No theoretical equation connecting the S. V. P. with temperature has yet 

been established ; several empirical relations have, however, been su ggested, 


1818. Difference between unsaturated and saturated vapours, 


(1) A vapour in a closed Space at a given temperature is said to be 
saturated when the pressure exerted by it is the Maximum corresponding to that 
temperature. This pressure is called the saturation vapour pressure at that 
temperature. Existence of a vapour in contact with its own liquid in a closed 
space provides the surest sign that it is saturated. 

A vapour in a closed space at a given temperature is said to be unsaturated 
when the pressure exerted by it is less than its S. V, P. at that temperature, 
In the case of unsaturated vapour, no liquid can remain in contact with it in a 
closed space. 


(2) The S. V.P. of a liquid remains constant at a particular temperature 
even though the volume occupied by the vapour may change. Saturated 
vapour, therefore, does not obey Boyle’s law. With decrease in volume some 
vapour condenses while increase in volume produces more evaporation of the 
liquid if some liquid be present, If no liquid be present, then with increase 


OF Hg —- 


S... IN cm. 


In the case of unsaturated vapour, change in volume at a particular terapera- 
ture produces a corresponding change in its pressure Obeying Boyle's law 
approximately, 

(3) The S. V. P. of a liquid increases with rise in temperature but the 
change is not linear even if the volume be kept constant, Hence, saturated 
vapour does not obey the Pressure law. 
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For unsaturated vapour, change in temperature at constant volume produces 
a change in pressure according to the Pressure law. The pressure-temperature 
curve for an unsaturated vapour is, therefore, linear, 


18:19, Condition for boiling. 


Boiling of a liquid takes place at a temperature when its saturation vapour 
pressure is equal to the superincumbent pressure i.e., the pressure on the exposed 
surface of the liquid. 

We know that during boiling, bubbles of vapour are formed throughout the 
entire mass of the liquid. The pressure inside a bubble is due to the vapour 
contained in it and equals the S, V, P. of the liquid at the particular tempera- 
ture, The external pressure on a bubble inside the liquid is the pressure on the 
liquid surface plus the pressure due to the liquid column above the bubble. 
Ordinarily this hydrostatic pressure exerted by the liquid itself is very small 
compared to the superincumbent pressure and can be neglected. If the pressure 
inside the bubble is less than the external pressure, it can not grow. A 
bubblé can grow only when its internal pressure just exceeds the external 
pressure. With increase of temperature, the S. V. P. of the liquid increases and 
at the boiling point, it just exceeds the external pressure on the bubble. The 
bubble then grows and rises to the surface and the liquid is said to be boiling, 


Demonstration Experiment. 


A U-tube of glass with one end fitted with a stop-cock is filled up partly 
with mercury. By opening the stop-cock, some amount of well-boiled water 
is introduced at the top of the mercury level STEAM 
in that limb, The stop-cock is then closed. 
Some mercury is then removed from the open 
limb by introducing a thin solid rod in it so JACKE 
that the level of mercury in that limb stands 
below the level in the closed limb [Fig.  AIR-FREE 
18-13(a)]. The closed limb is surrounded by WATER WATER 
a glass jacket through which steam is passed. VARR 
Water inside the closed limb begins to MERCURY 


evaporate and the vapour pressure pushes the <= 
mercury column in that limb downwards, Dis 
Finally the two mercury columns assume (a) (b) 
the same level (Fig. 18-13(d)]. It should be Fig. 1813 


noted that water must be taken in a sufficient 

amount so that some water always remains present inside the closed limb 
during the experiment. This experiment shows that the S. V. P. of water at the 
temperature of steam i,e., at the boiling point equals the atmospheric pressure. 


Explanation of variation of boiling point with pressure: We know 
that the S. V. P. of a liquid increases with rise in temperature. It is obvious 
thatif the superincumbent pressure rises, the S. V. P. ofthe liquid shall be 
equal to this enhanced value at a higher temperature ; from the condition for 
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boiling, it follows that the boiling point of the liquid rises. Similarly we can 
explain the lowering of the boiling point with a fall in superincumbent pressure, 


18:20.. Distinction between gases and vapours. 


We have already seen that an unsaturated vapour behaves like a gas, Both 
the terms ‘vapour’ and ‘gas’ are ordinarily used to designate a substance in the 
gastous state. In the stricter sense, however, a distinction between the two 
is drawn. 

It is found that every gaseous substance can be liquified by applying a 
suitable pressure if its temperature is below a certain value. Ifthe temperature 
ofthe gaseous substance exceeds that particular valué, it cannot be liquified 
by simply increasing the applied pressure, This limiting temperature is called 
the critical temperature, The value of the critical temperature depends on 
the nature of the substance. The pressure necessary to liquefy a substance at 
its critical temperature is called critical pressure. 


When a gaseous substance is below its critical temperature,. it is called a 
vapour, thereby implying that it can be condensed easily by pressure alone, 
When the substance is above its critical temperature, it is called a gas which can 
not be liquefied by pressure alone. 

Critical temperature for water vapour is 361°C, ; hence, it can be condensed 
at ordinary temperatures by pressure, For the same reason, ammonia, carbon 
dioxide, sulphur dioxide etc, can be easily liquefied. We call the substances to 
be in the vapour state. On the other hand critical temperatures of oxygen, 
hydrogen, etc. are very low, viz. —119°C. and —240°C. respectively, These 
substances being therefore normally well above their critical temperatures, 
can not be liquefied on application of pressure alone. Hence these gases are 
called permanent gases, 


PRINCIPLES OF HYGROMETRY 
18:21. Hygrometry. 


Owing to continuous evaporation at all temperatures from open surfaces 
Of water, such as those of rivers, lakes etc., aqueous vapour more or less, is 
always present in the atmosphere. The amount of aqueous vapour present 
may however vary from time to time, Thus in rainy season, the air generally 
remains humid which implies the presence of large quantity of water vapour ; 
in winter, it is dry meaning that smaller quantities of water vapour are 
present. Evidence of water vapour in the atmosphere is also supplied by the 
formation of dew, cloud, fog etc. 

The temperature of the human body is maintained constant at about 98-4°F. 
Any extra heat generated within our body cause us to perspire, The sweat 
“generated evaporates and the required latent heat is supplied from our body, 
So that. we get cooled, Presence of large amount Of moisture in the air 
impedes this process of evaporation giving rise to a feeling of discomfort. 
Presence of very small amount of moisture in the atmosphere also produces 
a feeling of discomfort, since rapid evaporation from our body occurs. Human 
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body, therefore, feels comfortable at a given temperature when the moisture 
content of air lies within a definite range. Changes in weather conditions are 
associated with a corresponding change in the moisture content of air and its 
observation thus helps us to forecast the weather. Also in some industrial 
operations, itis necessary to keep the moisture content of air within a definite 
range, Knowledge of the amount of water vapour present in air is, therefore, 
important. The subject of hygrometry is concerned with the measurment of 
the water vapour content in the air. That is, it is a science of measuring the 
humidity of the atmosphere. 


18:22. The dew point. 


Under ordinary circumstances, water vapour present in air is not sufficient 
to produce saturation, But if the temperature of a certain mass of air is 
gradually lowered, the air may become saturated by the same quantity of 
of vapour, because less vapour is required to produce saturation at lower 
temperature. The temperature at which this takes place is called the dew-point. 
With still further lowering of temperature, some amount of vapour gets 
condensed and is deposited as dew. Thus the temperature at which a given 
mass of air gets just saturated with the quantity of water vapour contained in it 
is called the dew point. 

As the amount of water vapour present in air varies from day to day and 
place to place, the dew point also changes correspondingly. It should also 
be noted that since the cooling takes place at constant pressure, the saturation 
vapour pressure at the dew point equals the pressure exerted by water vapour 
under the original conditions. 

Obviously, we can conceive the dew point simply as the temperature of 
airat which dew is deposited. In principle, the dew point can be experi- 
mentally determined by gradually cooling a bright metal surface in the air. 
At the instant a film of dew appears on it, the surface loses its brightness, The 
temperature of the surface is then noted. If the surface is now slowly warmed, 
the-film again disappears and the temperature at which this takes place is again 
noted. The mean of these two temperatures gives the dew point, Hygrometers 
based on the above principle have been constructed, These will be discussed 
later on. 

For example, let the temperature of air in a room be 30°C. Gradual 
cooling of a metal surface shows that dew just appears on its surface when its 
temperature is 149°C, Onallowing the surface to warm up, dew disappears 
when its temperature is 15°1°C, We thus conclude that the dew point is the 
mean of 14°9°C. and 15-1°C, i.e., 15°C, and also that the pressure of water 
vapour in the room at 30°C, is equai to the S, V. P. of water at 15°C, 


18:23. Humidity of air, 


The humidity of air provides a measure of the water vapour content of air. 
It is expressed in two alternative ways, viz., (i) by absolute humidity and 
(ii) by the relative humidity. 
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The absolute humidity is defined as the mass of vapour present per unit 
volume of air. ‘It is usually expressed in grams per cubic metre of air. 

We have already mentioned that our sense of comfort is largely controlled 
by the evaporation of perspiration. This evaporation depends on the question—- 
how near to saturation is the water vapour present in the air. If the air is 
almost saturated, little evaporation is possible and hence our sense of discomfort 
grows, Conversely, if the amount of water vapour present in the air is not 
close to the saturation value, quick evaporation is possible. We feel cool and 
comfort. 

-It is now obvious that the evaporation of water from a surface depends on 
two factors, viz. (i) the actual amount of water vapour present in the air, 
and (ii) the amount of water vapour necessary to saturate the air under identical 


temperature. This consideration leads üs to the concept of relative humidity. 
It is defined as : 


Mass of water cnl eria present in a certain 
A nee volume of air 
Relative A onthi 777 of water vapour required to saturate the same 
volume at the same temperature : 

Since unsaturated vapour obeys Boyle's law. approximately up to the satura- 
tion point, its density and hence the mass present in a certain volume will be 
proportional to its pressure. Making use of this in the case of water vapour 
present in the air, we get, 

fj idity__Ptessure of water vapour actually present in the air 

Relative PT c. V. P. of water at the temperature of the air 

But the pressure of water vapour actually present in the air is identical with 
the S.V.P. of water at the dew point. Hence, 

n ui S.V.P. of water at the dew point y 
Retative humidity ~S.V.P. of water at the air iemperaturs CAS dans 

Generally, relative humidity is expressed as a percentage and can be obtained 
by multiplying any of these three expression by 100. 

From the eqn. (18-6) it is obvious that relative humidity depends on two 
temperatures—dew point and air temperature. The moisture content of the 
air remaining constant, an increase in air temperature clearly causes a decrease 
in relative humidity. The reverse is also true ; relative humidity increases 
With decrease in air temperature, 


Example 18:9. 100 litre of atmospheric air contains I'5 gm. water vapour 
at room temperature. For complete saturation, the same volume of air requires 
375 gm. of water vapour. Find the relative humidity. 


Solution: From the definition, 


the relative humidity L5. 100=40%, 


Example 18:10. Calculate what fraction of the mass of the water vapour in 
the air would condense if the temperature of the air fell from 25°C. to 5°C. and 
if originally at 25°C. the relative humidity was 80%. (Saturation vapour pressure 
at 25°C.=23'5 mm., at 5*C.—6:5 mm. of Hg.) 
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Solution: Saturation vapour pressure at 25°C, 
P—23:5 mm. ; R.H.=80%. 


Let actual vapour pressure at 25°C.=p. From the definition of relative 
humidity, 


HH. P. 
RHF x 100 


or, =F, x 100 


SO p=18'8 mm, 
Since, saturation vapour pressure at 5?C,—6:5 mm. 


fall in vapour pressure due to condensation as a result of fall of tempera- 
ture from 25°C. to 5?C.—18:8—6:5—12:3 mm. 


Since the mass of water vapour present in air is directly proportional to the 
vapour pressure, 
fraction of mass of water vapour condensed — 125 0:654 


Example 18-11. The température of air ona certain day is 29:5?C. while 
the dew-point is 16°C. Calculate the relative humidity. Given S. V.P. of water 
at 16°C., 29°C. and 30°C. are 13:5, 29:8 and 31:4 mm, of mercury respectively. 


Solution: Since the S.V.P. of water at 29°C. is 29:8 mm. and at 30°C. is 
314 mm., hence the increase in S.V.P. for 1°C, rise in temperature-—-(31:4—29'8) 
--l:6 mm. Thus for 0°5°C. rise in temperature, the S, V.P. will increase by 
1:6/2—0:8 mm. Therefore, the S.V.P. of water at 29:5C. is (29-8+0-8) 
—30:6 mm. 

13:5 


From eqn. (18:6), relative humidity= 35:6 x 100=44-1% (approx). 


Example 18:12. The relative humidity in a closed room at 17°C. ts 40 
percent. If the temperature increases to 25°C., what will be the value of the 
relative humidity ? Given, S. V.P. of water at 17°C. and 25°C. are 14:4 and 


23:5 mm. of mercury respectively. 


Solution: From the definition of relative humidity, the pressure of water 
vapour in the room at 17°C. 


40 Ae. EX 
= 700% 14:4255:76 mm. — P, (say) 


If the pressure exerted by this water vapour at 25°C. be P,,then since 
unsaturated vapour obeys Pressure law, we have 


— == Of, 


Py Ty or, 576 290 or psg 
ETT, or, B, 398 P,-—:5:9 mn) 


P-1/27 
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+, Relative humidity at 25'C.—722 x 100=25:2%, 
5 

Example 18°13. 500 c.c. of hydrogen is collected over water at 17°C. when 
the barometer reads 74 cm. The surface of water in the collecting vessel is 3°4 
cm. above the level of water in the trough. Find the volume of hydrogen at N.T.P. 
(Aqueous vapour pressure at 17*C.—14:4 mm. of Hg. and density of Hg —13:6 
gm.|c.c.). 

Solution: Pressure of hydrogen and aqueous vapour, 


2 bud 
Mega 
=(74—0:25)=73:75 cm. 
From Dalton’s Law of partial pressure, we get 
pressure of dry hydrogen =73:75—1:44=72'31 cm, 
Now, P,;=72:31 cm. ; V,—500 c.c, ; T,=(273-+17)=290°K, 
P,=76 cm. Vae T42 273 K. 
Applying eqn. (16:15), 
PW, Ta 7231x500x273 _ 434. 
Vs T; x P. 3x7 - 2434-4 c.c 

Example 18:14. Outside air at 30°C. and 80% relative humidity is drawn 
by an air conditioning plant where it is cooled to 20°C. and the relative humidity 
is decreased to a comfortable value of 50%. How many gram of water must be 
condensed out from a cubic metre of outside air to accomplish this? Given, the 
density of saturated water vapour in air at 20°C. is 17:3 gm.|m2, and at 30°C. 
is 30°4 gm.[m*. 

Solution : Density of water vapour in outside air at 30°C. 

=0°8 x 30:4 gm.[m?, —24:32 gm./m*, 
Density of water vapour in cooled comfortable air 
—0:5x17:3 gm.[m?, —8:65 gm.[m?. 
1 m?. of water vapour at 30°C. contracts to 383 m?. at 20°C. 
.. Mass of water vapour in 333 m*. at 20°C. 
=$R4 x 8:65—8:366 gm. 
.. Mass of water to be condensed out of each m?, of outside air 
=2432—8'366 = 15-954 gm. 


18:24, Regnault’s Hygrometer. 


A hygrometer is an instrument with which we can measure the dew point and 
hence the relative humidity of the air, Regnault designed a hygrometer which 
determines the dew point accurately; the relative humidity is then obtained 
from eqn. (18:6). The instrument is, therefore, also called Regnault's dew 
point hygrometer. 
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The hygrometer consists of two glass tubes A and B whose lower ends are 
fitted with highly polished silver cabs P and Q [Fig. 18:14]. The tube B is 
closed at its upper end by a stopper through which passes a thermometer 7;. 
The mouth of the tube A is also closed by a stopper through which a thermo- 
meter T, and an inlet tube D are introduced. 
The tube A isalso provided with a side tube 
E to which an aspirator is connected. The 
tube A contains ether which fills the silver 
cap completely: the tube B is empty. By 
means of the aspirator, bubbles of air are 
drawn at a steady rate through the inlet tube 
dipping into the ether. This produces rapid 
evaporation of the ether and also stirs it. The 
latent heat required for the evaporation being 
taken from the liquid itself, the silver cap P is 
slowly cooled down. Ultimately a thin film of ASPIRATOR 
dew appears on P. The temperature at that 
instant is noted from the thermometer Tj. 
Since the liquid is being thoroughly stirred, this reading gives the temperature 
of the silver cap accurately. The other silver cap Q helps in detecting 
the first appearence of dew on P by comparison of the brightness of the 
two surfaces. The thermometer Ta records the air temperature. The flow 
ofairisthen stopped, so that the temperature of 4 begins to rise slowly. The 
temperature at which dew just disappears is noted by the thermometer 7,. The 
dew point is then taken as the mean of these two readings. 

From the standard chart containing S. V. P. values of water at different 
temperatures, S.V.P. of water at the dew point and also at the air temperature 
is obtained. Since the relative humidity is given as the ratio of the two, 
its value can easily be calculated. 

During the experiment, necessary precautions must be taken so that the 
humidity and the temperature of the air surrounding the instrument are not 
disturbed by the breath of the observer or by the method of passing the air 
through ether. The observer should therefore stand as far as possible from the 
instrument and a glass plate is interposed between him and the instrument, 

_A better method is to enclose the instrument in a glass box and observe from 
a distance with the help of a telescope. 7 


Fig. 18:14 : Regnault’s;hygrometer 


18:25. Condensation of water vapour in nature. 


Under suitable conditions, the water vapour present in the atmosphere gets 
condensed giving rise to the formation of cloud, mist, dew etc. 

Dew: Inday time, the various bodies on the earth’s surface and the air 
become heated; the amount of water vapour present in the air is quite 
insufficient to produce saturation at day temperatures. At night the bodies are 
cooled by losing heat due to radiation. In this process, those which are good 
radiators, sometimes cool below the temperature of the surrounding air. The 
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air in their immediate vicinity gets cooled by them and may reach the saturated 
state. Further cooling causes some of the vapour to condense on the surface 
of the cold body, producing the phenomenon of dew. Copious deposition of 
dew occurs on grass and other vegetations, because plants give off water vapour, 
thereby increasing the humidity in their proximity. 

The most favourable conditions for the formation of dew are: 

(i) A clear sky: If clouds are present in the sky, they do not allow the 
heat radiated from the earth’s surface to escape into space. On the contrary, 
they reflect the heat rays back tothe earth, thereby retarding the process of 
cooling. Consequently dew formation is impeded. Clear sky therefore ensures 
better formation of dew. 

(ii) Still air: Absence of wind ensures that a particular volume of air 
may remain in the vicinity of a cold object for a sufficient time so as to be 
coolec below dew point. Presence of wind, therefore, obstructs the formation 
of dew. 


(iii) High moisture content of the air: If the relative humidity of the air 
be high, a little cooling is sufficient to produce saturation, Dew formation is 
thus facilitated. 


Substances suitable for deposition of dew should have following 
characteristics :— 


(i) They should be good radiators but bad conductors of heat, so that they 
cool rapidly and the loss of heat is not compensated by conduction from the 
surface of the earth. 


(i) They should lie near the surface of the earth. Otherwise the cooled 
air in their proximity being heavier will sink downwards and will be replaced by 
warm air from above; as a result none of the air will be cooled below the 
dew point. 


Fog and Mist: During a still night, a large region of the atmosphere near 
the earth’s surface may be cooled slowly and ultimately the whole mass of air 
becomes saturated with water vapour. The atmosphere contains abundant 
number of dust particles and condensation takes place on each dust particle, 
giving rise to fog or mist. No fundamental difference exists between the two. 
A dense mist is called a fog. In large towns and industrial areas very dense 
fogs, called smogs, are formed due to condensation of water vapour on smoke 
and soot particles. ‘In mountainous areas, fogs are formed when the warm 
moist air from the valleys comes into contact with the cold air near the 
mountain. : 

In general, fogs disappear before noon. With rise in temperature water 
droplets evaporate causing disappearance of the fog. The atmosphere then 
again becomes unsaturated. 

Cloud: Clouds are formed due to condensation of water vapour in the 
upper strata of the atmosphere, Continuous evaporation from the seas, lakes, 
. rivers, ponds, moist surface of the Carth, vegetations etc, causes the warm 
air in contact with the earth’s surface to become moist. The warm, moist 
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air being lighter than dry air rises upwards. As the pressure decreases 
upwards, the ascending air expands and gets cooled. Upper layers of the 
atmosphere being themselves colder, further cooling of the rising air is produced 
by contact with these layers. Finally the mass of moist air is cooled below the 
saturation stage, when water vapour condenses giving rise to clouds. The 
condensation takes place on particles of dust, common salt or other kinds of 
hygroscopic particles present in the atmosphere. A cloud is thus essentially a 
mist or fog, formed in the upper atmosphere, 


As the tiny droplets of water ina cloud coalesce, they grow bigger and 
ultimately they fall downwards under the action of gravity, giving rise to the 
phenomenon of rain. Whether a drop may reach the ground depends on 
various factors, two important ones being (i) the downward velocity of the rain 
drops must be greater than the velocity of ascent of the moist air and (ii) the 
lower layers of the atmosphere must be sufficient moist so that the drops are not 
evaporated during their descent. 


@ EXERCISE © 
[A] Essay type Questions, 


1. Define sensible heat and latent heat, When does a substance absorb or release latent 
heat? State in general terms the effect of application of heat to ice, say at —8°C., until the 
temperature of 150°C. is reached. 


How would yeu express freezing and condensation in terms of latent heat ? 


2, Give a systematic account of finding the melting point of a solid from its time- 
temperature graph for fusion, 


What is meant by the statement ‘Latent heat of fusion of ice is 80 calorie per gm'?. What 
is its value in F,P.S, system ? F 

3. State laws of fusion. What is meant by ‘latent heat -of fusion’ ? 

Describe the experiment by which the latent heat of fusion of ice may be determined, 
Mention the sources of error in the experiment and the precautions. 

4. Define ‘melting point’ of a solid. State why electrical fuses are made of alloys. 

* When can heat be supplied to a liquid without causing rise of temperature ? How can this 
heat be recovered ? 

5. Enumerate how a solid generally changes in volume during melting and freezing, Is 
there any exception to this general rule? Give one example in support of your statement. 

What is measured by ‘Black’s “ice calorimeter’? Describe it and explain its working 
principle, 

6. Describe the experiment for determination of ‘latent heat of steam.’ How could you 
reduce the error in this experiment due to heat loss from the calorimeter ? 

7. What is the effect of pressure on melting point? How would you explain it? What 
is meant by ‘Regelation’ ? Describe Bottomley's experiment to demonstrate it and explain 
the experimental results. State with reasons what will happen in this experiment if (i) the 
copper wire be replaced by a steel wire or (ii) by an ordinary thread and (iii) temperature of 
air goes below 0°C, 

8. What is meant by ‘evaporation’? Enumerate the factors which influence the rate of 


evaporation of a liquid. Why does evaporation cause cooling? Explain it with a few 
examples, 
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9. What is ‘boiling’? What distinguishes boiling from evaporation? Water may be 
made to boil at various temperatures—describe an experiment to illustrate it, 

10. What are the Jaws of boiling? State and explain the effect of pressure on boiling 
point, Describe one practical application of it. 

11. What is meant by ‘Latent heat of vaporisation’ ? What is its difference with ‘Latent 
heat of evaporation’? State the condition of boiling and demonstrate it by an experiment. 

12, State what characteristic features distinguish a ‘saturated vapour’ from an ‘unsaturated 
vapour’, Define saturated vapour pressure and unsaturated vapour pressure. Discuss a 
simple experiment by which the vapour pressure of a liquid at the room temperature may be 
determined, Can the saturated vapour pressure be also determined by this experiment? If 
so, how ? i ` 

13. How can you demonstrate that vapour exerts pressure ? A liquid boils ata tempera- 
ture when its saturation vapour pressure equals the superincumbent pressure. Give an 
experimental evidence in support of this statement. 

14. Distinguish between a gas and a vapour. Why is oxygen called a permanent gas. 

How would you show experimentally that unsaturated vapour pressure obey’s Boyle’s law, 
but saturated vapour pressure does not ? 

15. Discuss the effects of change in temperature at constant volume and change of volume 
at constant temperature.on saturated and unsaturated vapours, 

16. Define, ‘Absolute’ and ‘Relative humidity’, Which one of them is more important 
for weather forecasting? Why? Describe Regnault’s hygrometer and explain how this 
instrument is used for the determination of relative humidity of the atraosphere. 

17. Define ‘Dew-point’. Is the dew point a fixed point in the sense that the melting 
point is? Describe a method of determining the dew-point. Why is its determination 
important ? b 

What would be the condition of the atmosphere, if the room temperature is equal to the 
dew-point ? 

. 18. Whatis dew? Howis it formed? State and explain under which conditions dew 
is formed. What are the characteristics of substances suitable for deposition of dew ? 

19. ‘Cloud is essentially a mist or fog formed in the upper atmosphere’—explain. What 
is smog ? Discuss two most important conditions that must be. satisfied in order that the 
rain drops from the cloud reach the ground. 


(B] Short-answer type questions, 


1. (a) What is the advantage of taking water as the hot substance in a hot water bottle ? 
(6) A person gets a more severe burn by steam at 100°C, than by boiling water. 
Why ? [ H. S. ' 82] 

2. A beaker of water is kept in a table in a room. Can this water be made to boil by 
passing steam through it at atmospheric pressure? Give reasons for your answer. 

[ H. S. 65] 

3. A small quantity of water is placed in a holeina large block of melting ice, Will it 
freeze ? Give reasons for your answer. 

4. ‘Exposed water pipes are found to burst during very cold weather’. Explain why this 
occurs. 

5. A brass pitcher and a porous earthenware jug are filled with water and placed side by 
side in air. Would you notice any difference of temperature between the two after some time ? 
If so, why ? 

6. Some astronaut on the surface of the moon took some water at about 20°C, out 
of his thermosflask and poured over into a glass beaker. Briefly explain what you would 
expect to happen to water. [ Jt. Entrance, '76 ] 

7. Why does warm moist air cause more discomfort than warmer dry air ? (H. S. '65] 
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8. What is freezing mixture? Why is it so called ? 

9. What is meant by the statement—'Latent heat of steam is 540 cal, /gm" ? 

10. Will water ever freeze in a bottle immersed ina mixture of water and ice? Can we 
get water to boil at room temperature ? [ Jr. Entrance, ‘72 ] 

11. If the temperature of a room be raised, explain what the effect will be on (i) the dew 
point, (ii) the relative humidity of the air in the room. [ H. S. '60] 

12. Can two cubes of ice when pressed together form one mass ? Explain your answer 
with reasons. (Jt. Entrance '77 ] 

13. It is found that at ordinary temperatures some gases like ammonia can be liquified 
with suitable pressures, whereas other like oxygen cannot be so liquified whatever be the 


pressure applied. Explain why it is so. {. Jt. Entrance’ 73) 
14, Although the room temperature in the winter season is much less, wet clothes dry up 
much quicker in the winter than in the rainy season, Why? ( H. S. '80] 


15. Is it possible for the dew point to be below 0°C? State your reasons briefly. 

16. If water is sprinkled inside a closed room, how will the dew-point and the relative 
humidity change ? 

17, What is the saturated vapour pressure of water at 100°C ? 

18. Why much longer time is required to boil away: à quantity of water than that necessary 
to bring it to the boiling point, heat being supplied always at the same rate ? 

19, Why the reading of a thermometer is lowered when its bulb is wrapped with a wet 
rag? What difference will be observed when the rag is wetted with (i) ether, and (ii) water ? 

[ Jt. Entrance, 74] 

20. *Lumps of ice are more effective in cooling a drink than iced water. Explain, 

21. Two metal spheres one of aluminium and the other of lead, each having the same 
weight, are suspended with threads, A vessel containing molten napthalene in equilibrium 
with solid napthalene is taken and the two spheres at room temperature are simultaneously 
plunged into the clear molten liquid napthalene at the top of the vessel, kept immersed for 
about a minute and then taken out, Each gets coated with some frozen napthalene and on 
weighing the napthalene coated aluminium sphere appears heavier than the napthalene coated 
lead sphere, 

Briefly explain the reason for this difference and state your conclusion about thé relevant 
properties, : [ Jt. Entrance, '74 ) 

22. Ifa few'drops of ether is poured on the bulb ofa thermometer an immediate lowering 
of its reading is produced. But when the thermometer is dipped in a bottle of ether, no such 
lowering ig observed, Explain. 

23. A solid material is supplied with heat ata 
constant’ rate, The temperature of the material is 
changing with the heat input as shown in the graph. 


dii) What does the slope of DE represent ? 
(iv) The slope of OA is greater than slope 
of BC what does this indicate ? 
[I.I T. '80) 
24. Explain the following statements with scientific reasons, 
(i) Water boils at Darjeeling at much lower temperature that 100*C; 
(ii) It is unwise to sit in a draught with wet clothes on. 
(iii) A fan gives a feeling of comfort during hot weather, 
(iv) When a khus-khus moistened with water is placed in the door, a cooling effect 
is produced in the room, 
(v) Temperature of a boiling liquid cannot be increased further on application of heat, 


Study carefully and answer the following questions. ! 
(i) What do the horizontal regions AB and  ,, 

CD represent ? 4 = 

(ii) If CD is equal to 24B, what do you E 

infer ? "ui 

= 

E 


[e] HEAT ——> 
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(vi) Water can be boiled at temperatures lower than 100°C. 
(vii) If a few drops of ether is poured on the hand, a cold sensation is produced, 
(viii) When ice cooled water is kept within a glass vessel, dews are formed on the outer 
vessel. 


(ix) Dew is formed at night more on the blades of grass than on the leaves of trees, 
(x) Cloudless nights are better than cloudy nights for dew to deposit, 
(xi) In cold countries when the temperature falls below 0°C, ethyl glycol should be 


(xii) Human body feels comfortable at a given temperature when humidity lies within 
(xiii) When pices is increased, melting point of ice decreases but that of wax 
(xiv) We apply glycerine On the lips during winter, 
(C] Simple Problems, 


1. (a) How many calorie of heat are needed to melt 60 gm. of ice at 0*G. and raise the 
temperature of the melted ice to 80°C, 2 
(b) A kilogram of Water at 20°C, is placed ina refrigerator, How much heat must be 
extracted before all the water turns to ice? Latent heat Of ice 80 cal./gm, 
[ Ans. (a) 9606 cal. ; (b) 105 cal, ] 
2. A thermosflask whose water equivalent is 30 gm, contains 750 gm. of water at 20°C, 
1f 300 gm. of ice at 0°C. are put into it, how much of the ice will remain unmelted ? Latent 
heat of ice—80 cal./gm, [Ans, 105 gm] 
3. After a few piece of dry ice had been added to 120 gm. of water at 46°C, the final 
°C. What is the mass of ice added ? Latent heat 
f [4ns. 69 gm.] 
4. What is the final temperature when (a) 3 gm., (b) 2 gm. of Steam at 100°C, are passed 
into 60 gm, of water at 20°C. ? Given, latent heat Of steam» 540 cal./gm, 
[4ns. (a) 495°C, (b) 40°C.) 
5. Steam is passed through a mixture 0f 2 kg. of ice and 1 kg. of water and the whole 
melt? (Latent heat of fusion 
of ize=80 cal./gm. ; Latent heat of condensation of Steam=540 Cal/gm). [4ns, 1200 gm.) 
Steam at 100°C,, what wil! be 


the resultant ? (Latent heat of Steam 540 cal, /gm., latent heat of fusion of ice=80 cal. /gm.) 


ing the number of calori i 2160, 
Assume latent heat of vaporisation as 540 Calorie/gm, NEU S Lo be 


[4ns. 3 gm. ;4gm.] 

9. What mass of steam Passed into 50 gm, of water at 10°C, will raise the t 

A 1 A - * emperature to 

100°C, ? If an indefinite quantity of steam is available, wil] the 50 gm. of water d into 

steam? Latent heat of steam=540 cal,/gm, [4ns. 833 gm. ; No.] 
10. In an experiment 10 gm. of steam were passed in - Of water at 20°C, contained 

in a vessel of water equivalent 15 8m. The final tempera : 


- 1 ture was 40°C, What value did this 
experiment give for the latent heat of vaporisation of water ? 


: s [4ns. 540 cal./gm.] 
ll. Whatis the result of mixing 10 KB. of copper at 100C, with 3kg, oficeat 0°C, ? (sp. 
leat of copper=0:1, latent heat of fusion of ice— 80 calori 3 


(Ans. 1°25 kg. of ice melts, and 1-75 kg. of ice remains unmelted ? whole mixture is at 0*C.] 
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12. 10 gm. of iron (sp. ht, —0-1) are heated into a Bunsen flame and dropped into a cavity 
in a lump of ice. 20 gm. of ice are melted, - What is the flame temperature ? Latent heat of 
ice=80 cal./gm. [4ns. 1600*C.] 

f3. How much heat is required to convert 2 gm. of ice at —20°C, to steam at 100°C, ? 
(Given, sp. heat. of ice=0°5 ; latent heat of ice=80 cal./gm, ; latent heat of condensation of 
Steam —540 cal./gm.) [4nms. 1460 cal.] 

14. Vapour from a liquid boiling at 85°C, and of a latent heat 200 calorie per gm, is led 
into 100 gm. of this liquid" at 20°C, contained in a calorimeter weighing 50 gm, and of specific 
heat 0'08. If 4 gm, of vapour bring the final temperature to 35°C, find the specific heat of the 

[liquid. [4ns. 0:569] 

15. A polar explorer wants to make tea but the only water he has is 1000 gm. of ice at 
—50'C. How many calorie of heat will be required to convert this ice into water at 100*C, ? 
The specific heat of ice is 0-5 cal./gm. °C. and the latent heat of icee«80 cal./gm, 

[4ns. 2-05 x 105 cal.] 


16. A nickel cylinder weighing 100 gm. is cooled to the temperature of liquid air and then 
quickly transferred to water at 0°C. It is found that 12 gm, of ice are formed on the nickel. 
Calculate from these date the temperature of the liquid air, . Assume sp. ht. of nickel as 0:086 
and latent heat of fusion of ice=80 cal./gm, [4ns. —111-6°C] 

17. A copper calorimeter weighing 500 gm. contains 400 gm. of liquid paraffin at 25°C, 
When 50 gm. of ice is added to it, the Steady temperature is found to be 10°C, Find the sp. 
heat of liquid paraffin. Given, Sp. heat of copper-:0:09, latent of fusion of ice=80 cal./gm. 

[2ns. 0°64) 

18. A calorimeter contains 500 gm. of water and 100 gm. of ice at an equilibrium tempera- 
ture of 0°C. Then 200 gm. of steam at 100°C, are fed into it. Calculate the final tempera- 
ture and composition of the mixture assuming that the calorimeter is of negligible water 
equivalent. Latent heat of ice=80 cal./gm. ; of steam=540 cal./gm. 

[Ans. 74 gm. steam and 726 gm. water, both being at 100°C.) 

19. Whilst ethane gas provides heat of combustion 373 K. cal. per mole, only 60% of this 
quantity is useful. Calculate how many litre of ethane gas measured at N.T.P. should be used 
in order to convert 50 kg. of water at 10°C. into steam at 100°C. Assume one mole of a gas 
occupies 22-4 litre at N,T.P. and also latent heat of vaporisation of water 540 cal./gm. 

[4ns. 3153 litre] 

20. When a piece of metal weighing 48-3 gm. at 10-7^C. was immersed in a current of 
steam at 100°C., 0:762 gm. of steam was found to condense. Calculate the specific heat of 
metal, Assume latent heat of vaporisation of water as 540 cal./gm. 

(I.T. 63) (Ans. 0:095) 

21. What mass of ether at 0°C. must be evaporated in order to freeze 10 gm. of water at 
0°C.? Assume latent heat of vaporisation of ether and latent heat of ice at 0°C. as 95 and 80 
calorie per gm. respectively, [4ns. 8:422 gm.] 

22. What will be the result of mixing 110 gm. of ice at —10°C. with 40 gm. of water at 
90*C.? Assume sp. ht. of ice is 0:5 and latent heat of ice=80 cal./gm. 

(Ans. 38:125 gm. will melt ; 71:875 gm. remain unmelted at 0°C.) 

23. A lagged metal can contains a mixture of water and crushed ice at 0°C. It is weighed 
and immediately afterwards the mixture is well stirred while dry steam at 100°C. is passed 
through it. When all the ice has just melted, the steam supply is cut off and a second weighing 
of the can and its contents shows an increase ,n mass of 10 gm. Calculate the mass of ice 


originally present. Given, latent heat of ice=80 cal,/gm., of steam=540 cal./gm. 
[Ans. 80 gm.] 


24. 20 gm, of ice at 0°C. are dropped into a mixture of oi! and water at 30°C, and are just 
melted in cooling the mixture to 0°C. If the specific heat of oil is 0°6 and the total weight of 
the liquid at the end of the experiment is 85 gm., find the quantities of oil and water in the 
origina] mixture. © [Ans. 29-2 (gm. oil; 35:8 gm. water] 
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25. Ona certain day, the temperature of air is 245°C. and the dew point is 13°C, Find 
the relative humidity. The S.V.P. of water at 24°C., 25°C., and 13°C are 222, 23:5 and 11-1 
mm. of mercury respectively. ; [dns, 48-57%] 

26. Calculate the relative humidity when the air temperature on a day was 29*C. and the 
hygrometer condensation point was 10°C. Given, aqueoustension at 10°C, and 29°C. are 9-1 
mm, and 29:9 mm. respectively, [Ans. 30-43%] 

27. Find the dew point when the relative humidity is 70%, the temperature being 13°C, 
Given that, for pressures of 7, 9 and 11 mm, of mercury, the corresponding boiling points of 
water are 6°, 10° and 13°C, respectively. [4ns. 7:4°C,] 

28. What is the pressure of water vapour in the air on a warm day when the temperature 
is 30°C. and the relative humidity is 80% 2 (Pressure of saturated vapour at 30°C, is 31:7 mm. 
of Hg.) [dns. 25:36 mm. of Hg.] 

29. Aclosed room contains moist air at 20°C., the relative humidity being 40%. What 
would the relative humidity become if the room was cooled to 10°C.? State any assumption 
you make in your calculation (S.V.P. of water at 20°C,=17°5 mm. at 10*C, «9:2 mm, of Hg.) 


[4ns, 73:596] 


ow much water 
duced to 25°C. ? (Aqueous tension 


30. A flask is completely filled with 1 gm. of saturated steam at 100°C. H 
will condense into water if the temperature of the flask in re 


at 25°C,=30 mm. of Hg). (Jt. Entrance '81) — [Ans, 0:96 gm.] 

31. In an industrial process 10 kg. of water per hour is to be heated from 20°C, to 80°C. 
To do this, steam at 150°C, is passed froma boiler into a copper coil immersed(in water. The 
steam condenses in the coil and is revurned to the boiler as water at 90°C, How many kg of 
steam are required per hour ? (Specific heat of <team=1 cal./gm./*C. ; Latent heat of steam= 
540 cal./gm.) (LLT."72)  [Ans, 1kg] 

32. How should 1 kg, of water at 5°C, be divided in two parts so that one part of it when 
turned into ice at 0°C. would by this change of state give out a quantity of heat that wouid be 
sufficient to vapourise the other part? (Latent heat of steam 540 cals, Latent heat of ice= 
80 cals.) (Jt. Entrance 280) — [Ans. 882 gm. into ice and 118 gm, into steam] 

33. 100 gm. of ice cubes at 0°C. are dropped into a calorimeter containing 1 kg. of salt 
water at 0°C. Itis observed that the temperature of the mixture drops to —2°C, Find the 
amount of ice melted (mass of the calorimeter may be neglected, the Specific heat of salt water 
may be taken as 0:9, and latent heat of ice=80 cal./gm.). [Ans. 23-02 gm.) 


34, An aluminium container of mass 100 gm. contains 200 gm. of ice at —20°C. Heat is 
added to the system at the rate of 100 cal./sec, 


'5 cal./gm,/°C ; Specific heat of aluminium=0°2 
cal./gm.) (Q.LT.*73)  [4ns. 25 5C] 
[D] Harder Problems. 


1. Specific gravity of ice is 0:92, 10 8m. of a metal at 100°C. is immersed in a mixture of 
ice and water and the volume of the mixture 


t is found to be reduced by 01 c.c. without change 
of temperature. Find the Specific heat of the metal assuming the specific gravity of water at 
0°C. to be 1. (.1.T. 1964) (Ans. 0:092] 
and 200 gm. of ice at 0°C, is kept in a calorimeter which 
If 200 gm. of steam at 100°C, is passed through this mixture, 
weight of the content of the calorimeter, LT. 74) 


2. A mixture of 250 gm. of water 
has a water equivalent of 50:gm. 
calculate the final temperature and 


e cap of ice formed round the test tube has a mass of 
sation of ether, Latent heat of fusion of ice - 80-0 
(Oxford) (Ans. 83-73 cal./gm.] 


3:14 gm. Find the latent heat of vapori: 
cal, gm-1, 
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4. 20 minutes were required to heat a certain quantity of water from 0°C: to the boiling 
point with an electric heater. A further 1 hour and 48 minutes w re needed to turn all the 
water into steam under the same condition. Determine from these data the latent heat of 
vaporization of water. [Ans. 540 cal./gm.} 

5. A copper calorimeter weighing 100 gm. contains 150 gm. of water at 30°C, Pieces of 
ice which have not been dried are dropped in and the final temperature after Stirring is 5°C, 
The weight of the calorimeter and its contents is then 300 gm. How much water was put in 
with the pieces ofice? (Take the latent heat of ice as 80 cal./gm. and the specific heat of 
copper as 0:1), (Oxford) [Ans. 3:125 gm.) 

6. A piece of ice at 0°C, suspended in a large hall takes 10 hr. to melt completely into 
water at 0°C. and the water so formed takes 30 min, to rise to a temperature of 4°C. Calculate 
from these data an approximate value for the latent heat of ice. [Ans. 80 cal./gm.] 


7. 7:5 gm. of copper at27°C. were dropped into liquid oxygen at its boiling point 
(—183*C.), and the oxygen evaporated occupied 189 litre at 20°C, and 750 mm. pressure. 
Calculate the latent heat of vaporization of oxygen. Specific heat of copper—0:08, Density of 
oxygen at S.T.P.— 1:49 gm. litre-?, (Cambridge) (Ans. 50:72cal.[gm.) 

8. Steam containing some water at 100°C, is passed into an empty 10 kg. vessel originally 
at 15°C. When the temperature has risen to 60°C., the water in the vessel is found to weigh 
150 gm. What is the percentage of water in the mixture? (The latent heat of steam is 540 
cal./gm. ; the specific heat of the material of the vessel is 0-12) (Ans. 40:749%) 


9, 15:0 gm. of ice at 0°C, are put into a copper calorimeter of mass 100 gm. containing 200 
gm. of water, and the final tempera + ~ sched is observed, The experiment is then repeated 
with the same masses aud calorimeter and with the water at the same initial temperature but 
with the ice initially cooled to —180°C. The final temperature is then 6:0 deg. C. lower than 
before. Neglecting heat exchange between the calorimeter and its surroundings, calculate a 
value for the mean specific heat of ice between —180*C. to 0°C. The specific heat of copper 
may be taken as 0-10 cal, gm.~* deg"!C. (London) [4ns. 0:5 cal. gm.—: deg-i C] 

10. The volume of a quantity of moist air, originally at-a temperature of 17°C, and a 
pressure of 75:8 cm. of mercury is reduced to one half. Simultaneously the temperature is - 
lowered to 10°C, and the air becomes saturated. Given that the relative humidity of air 
originally was 70 percent and that the pressure of saturated vapour at 17°C. and 10°C, are 
respectively 14 mm, and 9:14 mm, of mercury, calculate the final pressure, (London) 

[4ns. 146-914 cm. of Hg.] 

11. A vessel of water isputin a dry sealed room of volume 76 m?*, at a temperature of 
17°C, The saturated vapour pressure of water at 17°C, is 15 mm. of Hg. How much water will 
evaporate before the water is in equlibrium with its vapour ? (ZLT, '78) [Ans. 1135 kg.) 


(Hint: Density of water vapour at N.T. P-e 35 (8m0. 0:0) 


12. Air at 30°C. and 90% relative humidity is drawn into an air conditioning unit and 
cooled to 20°C., the relative humidity being reduced to 50%. How many gm. of water vapour 
must be removed by the air conditioner from a cublic metre of air? Neglect the change of 
volume of air. (Given, density of saturated vapour in air et 30°C, is 30 gm./m.* and at 20°C, 
is 17 gm./m.?) (Jt. Entrance '72) [Ans, 18:79 gm.) 

13. A jar contains a gas and a few drops of water at T°K, The pressure in the jaris 830 
mm. of mercury, The temperature of the jar is reduced by 1%. The satnrated vapour 
pressures of water at the two temperatures are 30 and 25 mm. of Hg. Calcutate the new 
pressure in the jar, (L.LT.*81) [4ns. 817 mm, of Hg] 


14. Outside air at 5"C and 20% relative humidity is introduced irto a heating and 
airconditioning plant where it is heated to 20°C and relative humidity increased to 50%. How 
many gms. of water must be evaporated into acubic metre of air at 5°C to accomplish this ? 
The density of saturated water vapour at 5°C is 6'8 gm./m.? and at 20°C is 17:3 gm./m.*. The 
pressure being normal. ; [Ans. 7-76 gm.) 
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15. 10 gms. of a substance was taken in the solid state at —10°C. 64 calories were required 
to heat it to —2°C (still in the solid state) and 880 and 900 calories were required to heat it to 
the liquid state at 1°C and 3°C respectively, Assuming that the specific heat of the material 
in the solid and liquid state has values s, and sa (512555) respectively, find their values. Show 
that the latent heat of fusion L is related to the melting point temperature tm by 
: L—79--02 tm (Jt. Entrance '82) [Ans, 0:8; 10) 

16, Acubic metre of air at 24°C was passed through an U tube containing fused calcium 
chloride, the weight of which was found to increase by 11-2 gm. find the relative humidity of 
air. (Aqueous tension at 24°C==22:2 mm of Hg.) [Ans. 51-91%) 

17. Calculate the mass of 1 It, of moist air at 27°C when the barometer reads 753-6 mm. of 
Hg and the dew point is 16-1°C, (Saturation vapour pressure at 16°1°C is equal to 13:6 mm. 
of Hg, the density of air at N.T.P. is equal to 0-001293 gm./c.c. density of saturated water 
vapour at N.T.P. is equal to 0:000808 gm./c.c.) a. LT. '77) [Ans. 13159 gm.] 


19 MECHANICAL EQUIVALENT OF HEAT 
CHAPTER 


193. Heat asa from of energy. 


Upto the middle of the 19th century, the conception of heat as a material 
substance was prevalent among the contemporary scientists. Heat was considered 
to be an invisible weightless fluid, called caloric. This theory regarding the 
nature of heat was known as the caloric theory. A body gaining heat was said 
to have increased its caloric content, whereas loss of heat was interpreted as a 
decrease in its caloric content. 

In the middle of the 19th century, the concept of heat as a material substance 
was finally abandoned and instead, the energy principle was extended to in- 
corporate the thermal phenomena. This success was achieved by the persistent 
and painstaking efforts of Count Rumford, Mayer, Joule and many others, 

In the year 1798, while superintending the boring of gun barrels at an arsenal 
in Munich, Count Rumford noticed that large amount of heat was produced 
during the boring. The supply of heat was found to be quite unlimited ; 
the longer the boring took place, larger was the amount of heat produced. 
According to the caloric theory, this occurred due to the. Squeezing 
out of the caloric from the metal by the action of the drill. Rumford 
observed that the amount of metal chips obtained by boring is very small and 
he argued that it is quite impossible for such a small amount of metal Shavings 
to store such large amount of heat (caloric), Use of a blunt borer, produced 
less metal shavings, but the heat produced was found to be greater. 

It was then argued that the caloric might have been supplied by the surroun- 
ding air. To verify this, Rumford carried out the boring for some hours inside- 
a tank of water which began to boil. Obviously in this case caloric could not 
have been supplied by the water since the water itself has gained caloric. 

From these observátions, Rumford rejected the caloric theory of heat and 
concluded that heat is a form of motion. He ascribed the heat produced to the ' 
mechanical energy spent by the borer. 

At about the same time, Davy conducted an experiment in which two pieoes 
of ice were rubbed together in vacuum at a temperature of —2°C. Precautions 
were taken so that no heat from outside could reach them. A little later, it 
was found that ice melted which showed that heat was produced by rubbing. 

In spite of these experiments, the theory that heat is not a material substance 
but is a form of energy did not gain favour till 1847, when the results of a series 
of experiments conducted by James Joule was published. These experiments 
proved beyond all reasonable doubts that heat is a form of energy and also 
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established the exact relation of equivalence between heat and mechanical 
energy. Jna later article, we shall discuss one of these numerous experiments 
carried out by Joule. 

The heat energy is possessed by a body by virtue of the state of motion of 
its molecules. Heat imparted to a substance goes towards increasing the energy, 
both kinetic and potential, of its molecules, Detailed discussions on this 
aspect will be carried out in the next chapter, 


19:2. Mechanical equivalent of heat. 


As was stated in the last article, Joule first found out the exact equivalent 
between the mechanical work done and the amount of heat produced. According 
to him (i) work may be fully converted into heat and (ii) whenever some mechani- 
cal energy is fully transformed into heat energy, the heat so obtained, is directly 
proportional to the work done. : 

Thus, if W and H represent respectively, the mechanical Work done and the 
corresponding heat generated, we have 

i W œ H 


; Ww 
ke, W=JH or, J=”. ds Lt s 
T, H (19-1) 


when, J is the constant of Proportionality and is known as the mechanical 
equivalent of heat. 

If H=1, then from the eqn. (1:1) W=J. We can, therefore, define the 
mechanical equivalent of heat as the work done to produce unit quantity of 


J was found experimentally to be equal to 4-186 x 107 erg per calorie. Hence, 
when 4:186 x 10? erg of work are fully converted into heat, the heat so produced 
equals one calorie. Since 1 Joule— 107 erg, the value of J, when jr is expressed 
in joule and H in calorie, is 4-186 Joule per calorie. For ordinary work, the 
value of J may be taken approximately as 4-2 x 107 €rg per calorie, or 4-2 Joule 
per calorie, 

If W is expressed in ft. Ib; and H in B. Th. U. then since 1 ft. lb, —1:356 
Joule and 1 B. Th. U.— 252 cal. 


4186 «252 


we have 1356/78 ft. Ib. per B. Th, U, 


19-3. Determination of Mechanical equivalent of heat. 


The determination of the mechanical equivalent of heat was first carried out 
by Joule and the type of apparatus employed by him is illustrated in Fig. 19:1. 


The strings passed over the pulleys P, and P, and Were wound round a cylinder 
S. With the help of a pin P, the cylinder is connected to a paddle D inside 
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the calorimeter. The paddle carries a set of vanes which pass through spaces 
within the fixed vanes. When the masses are allowed to descend, they cause 
the cylinder and in turn the paddle D 


to rotate, The paddle thus churns the 
water in the calorimeter, while the fixed 
vanes prevent the rotational motion of 
the water. Hence a thorough churning 
of water is produced. The cylinder S 
may be detached from the paddle D by 
removing the pin P and the masses can 
be brought back to the same height by 
wrapping the string over the cylinder 
with the help of a handle H. The paddle 
and the cylinder aré then connected ngu 
by inserting the pin, and the weights Fig. 191 : Joule's experiment 
are again allowed to descend from the * 

same height. In this way, the operation can be repeated several times and a 
considerable amount of heat can be generated in the calorimeter due to churning 
ofthe water. The temperature of the water and calorimeter thus rise and can 
be measured by a sensitive thermometer inserted through an aperture on the top 
of the calorimeter (not shown in the figure), 


ee 


As the weights descend to the ground, they lose a certain amount of P.E., 
which is converted into heat. If the mass and the height of descent of each be 
M and h respectively, the loss in P.E.—2 x Mgh. If they are allowed to descend 
n times, then the total loss in P.E.—2nx Mgh. Let the water equivalent of 
the calorimeter be w and the mass of water contained in it bem. If the 
resulting heat produces a rise in temperature t° of the water and the calorimeter 
then the total heat developed, H=(m-+w)t. 

.. From eqn. (19:1) we have, 

W _2nMgh 
1 cM T x (192) 

Since all quantities in the right hand side of the equation is known, J can 
be found out, 

Corrections must be made for various sources of error in the experiment. 

(1) As the weights descend, they touch the ground with a definite velocity, 
however small it might be. Hence their K. E. must be subtracted from the 
expression for the loss of their P. E. to get the net amount of mechanical energy 
ccnverted into heat. 

Let the velocity with which the weights touch the ground be y. 

So, the total K. E. of the weights when they touch the ground * 

—2xiMy-Mv: 

-. The mechanical energy converted into heat for each downward journey 

of the weights —2Mgh— M»* 
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As the weights are allowed to descend n times, hence the total amount of 
mechartical energy converted into heat=n, M ( 2gh—y? ) 


<. JM ( 2gh—y2 ) 


(2) As the weights strike the ground, some amount of mechanical energy is 
converted into sound, necessiating a correction on this account. 


the pulleys. 

(4) Some heat is lost from the calorimeter by radiation. Correction should 
be applied for this, 

(5) Precautions must be taken to minimise the loss of heat from the 
calorimeter by conduction and convection. 

A serious drawback of the experiment was that a Very small rise in 
température was produced. Yet the results obtained were Surprisingly close to 
the present day accepted accurate value of J. More accurate experiments were 
later performed by Calender, Rowland and others. One such electrical method 
for finding out the value of J will be discussed later in this text in the 


Example 19-1, 4 waterfall discharges 60 litre of water per sec. froma 
vertical height of 200 m., and it falls in a pool below the fall. Find {a) the 


Solution: Here P.E. of the Water is converted into heat, Since 
m=60 x 1000 gm. and h=200 x 100 cm., P. E. of the water—meh—6 x 104 x 980 
X2x101—1-176 X 1012 erg, : 

(a) From eqn. (19), W=JH. Putting J=42 x107 erg/cal, the heat 
produced Ha 1176x lois —28 x 10? cal, 


(b) If the rise of temperature be PC. then the heat absorbed by water 
==m.t cal, 
H 28x10 |, 
m $xjg 704"C (approx). 


Example 192, What is the height from Which a piece of lead must be 
dropped so that its temperature may rise through 100°C. due to heat generated 
at the impact. Assume that all the heat generated is absorbed by the lead piece 
and the specific heat of lead —0:03. 

Solution: Let hem. be the required height and m gm, be the mass of the 
lead piece. 

"^. *P. E. of the lead piece— rig erg. 

This P. E. is converted into heat due to the impact, 

mx980 x j 


$ _ mgh 24 
à Heat produced H—T = aig cal, 


MECHANICAL EQUIVALENT OF HEAT 421 


Again, heat required to raise the lead piece through 100°C is A,=mst= 


` mx0:03 x 100 cal. 


Since all the heat generated is absorbed by the lead piece 
H—H, 


e! max 0-03 x 100 


or, A—1:286x 105 cm.—1286 m. 


or, 


Example 19-3. A block of ice at 0°C. is dropped from a height and 
melts completely due to impact with the ground. Find the height from which 
it is dropped assuming that 609/, of its energy is converted into heat, Given, 
latent heat of ice—80 cal.|gm. 


Solution: Let 4 cm, be the required height and m gm. be the mass of the 
ice block, k 
P. E. of the ice block=mgh erg, Since 60% of this P. E. is converted 
into heat. 
mgh 60 
42x10 * Too 
__6m x 980 xh cal 
4:2x 108 p 


But heat required to melt m gm. of ice is 
H,=m x 80 cal. 
By question H—H, 
6mx980xh 
"axis max 
h=5:715 x 10* cm.—57150 m. 


Example 19-4. At what speed musta lead bullet at 15°C. strike a fixed 
target in order that the heat produced an impact be just sufficient to melt the 
bullet? Given sp. heat of lead=0-032, its melting point=327°C. and its latent 
heat of fusion=5'4 cal.[gm. 


Solution: The heat produced by the impact is due to the conversion of 
the K. E. of the bullet into heat energy. If m be the mass of the bullet, then 
heat produced =m x 0:032 x (327—15)--5:4 x m—15:38m. If v be the velocity 
of the bullet just before impact, then } mv? JH —4:2x 107 x 15:38m or, v= 
35°95 x 108 cm./sec. 


Heat produced H= 


or, 


Example 19:5. Two lead balls of masses 100 gm. and 400 gm. respectively 
are moving towards each other with speeds 100 cm.[sgc. and 10 cm.|sec. respec- 
tively. They suffer a head-on collision and stick together and the combined mass 
moves with a velocity of 12 cm[sec. If the temperature of both the balls before 
collision be the same, find the increase in temperature of the combined mass 
assuming J—4:2x I0" ergjcal. and specific heat of lead=0-03, 


P-1/28 
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Solution: Total K. E, of the balls before collision 
E=} x 100x 1002 +4 x 400 x 102— 5.5 X 105 erg. 
The K. E. of the combined mass after collision 
E,—$& 1004-400) x 122—0-36 105 erg 
Loss of energy during collision =(5:2 —0:36) x 105 
—4:84 x 105 erg 
-.. Amount of heat produced 
484 x 105 
HIS 107 
If 1°C. be the increase in temperature of the combined mass, we get 
Lt (100-1400) x 003 x 
1—T:62 x 1074€ 


Example 19-6. 4 18 kg. weight descends through a vertical height of 
49 m., so that in doing so, it turns a paddle which stirs 400 gm. of water ina 
vessel of water-equivalent 20 gm. If the process is repeated 10 times, the tem- 
perature of the water rises by 5°C. Hence Jind out the mechanical equivalent of 
heat. 

Solution: As the weight descends, the loss in its P, E. 

=18 x 108 x 980 x 4-9 x 10? erg, 
Hence the total loss in P. E, during the experiment is 10 limes the above 
value. This is converted into heat, 
Ww 18x 10? x 980 x 4-9 x 192 fi 
ane ete me RU de aaa Y x10 E. 7 
H (400120)x5 — 7:4:12x 10 erg/cal. 
19-4. First law of Thermodynamics, 


Thermodynamics js that branch of Physics which is concerned with the Study 
of mutual conversion of heat and mechanical energy and their interrelation. In 
general, however, the Study of the relations of heat with all other fo is of 
energy falls within the Scope of thermodynamics, i 


cal. 


The law states that whenever mechanical energy is converted into heat or vice 


o i.e., the ratio of work done to 


ynamics can be expressed 
Substance, the energy so 
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supplied is used up generally in two ways, viz., (i) to increase the internal energy 
of the substance, (ii) to perform external work, 

By the internal energy ofa substance, we mean the kinetic energy and the 
potential energy of the molecules of which the substance is composed (vide Art, 
20:2). A part of the heat energy supplied, therefore, goes towards increasing the 
energy of the molecules. The increase in internal energy is manifested by a rise 
in temperature ora change in state. The actual amount of internal energy 
possessed by a body can never be measured. But this poses no problem, because 
in practice we are concerned only with the changes in internal energy ; this can 
always be measured with certainty. 


The rest of the heat supplied is used for performing external work. For 
example, external work is performed when the substance, subjected to a definite 
pressure, expands. As the volume is increased, work is done against external 
pressure. 


Thus, if Q be the amount of heat supplied to a substance so that its interne/ 
energy changes from U, to U, and W be the amount of external work done, 
then 

Q—U,—U,4-W zt. (19:3) 

This is the most general mathematical statement of the first law of thermo- 
dynamics. In applying this expression, it must be borne in mind that (i) all 
quantities must be expressed in the same unit i.e., either in thermal units or in 
mechanica! units, (ii) Q is positive when heat is absorbed by the substance, (iii) 
W is positive when the external work is done by the substance, In this form 
the law applies equally well for solids, liquids and gases. 

If the amount of heat supplied to a substance be infinitesimally small viz. 
8Q, the corresponding increase in its internal energy and the external work done 
by it will be infinitesimally small. Thus if 8U be the increase in its internal 
energy and ôW the amount of external work done by it, the first law of thermo- 
dynamics can be written in the form 

8Q—8U--3W 
19:5. Internal energy of a gas. 


The thermal state of a gas is defined by its temperature T, pressure p or the 
volume V. Evidently, it may. be argued that internal energy ofa gas depends 
on all these factors. This matter was investigated experimentally by Joule and 
the result is known as Joule’s law or Mayer’s hypothesis. It states that 


The internal energy of a given amount of gas depends only upon its temperature 
and is independent of its pressure or volume, 

The law implies that the change in internal energy of a given mass of a gas 
can be known provided its change in temperature is given, no matter what the 
pressure or volume may be. Evidently, if the temperature of a gas does not 
Change, its internal energy remains the same, though the pressure and the 
volume of the gas might vary. 


The hypothesis holds exactly only for an ideal gas. In practice, for real 
gases, the internal energy is found to depend on its volume. The effect is, 
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however, very small so that the hypothesis holds extremely closely for all real 
gases. For our work, we shall disregard this small departure in the 
behaviour of real gas from that of an ideal gas. 


19:6. External work done by an expanding gas, 


As an example of the external work done by a substance, let us consider the 
expansion of a gas subjected to a constant pressure. For Convenience, we assume 
the gas to be enclosed ina cylinder equipped witha 
| F=pA movable piston (Fig. 19:2]. We imagine the piston 

to be frictionless. 


NAA E If the pressure of the gas be p. then it exerts a 
N N T force F=pA on the piston, where 4 is the area of 
Nene A. the piston. Hence, for equilibrium, an equal and 
N N opposite external force F must be applied on the 
N GAS N piston, 

N \ If the gas is heated keeping the pressure constant, 
Nee it expands and the piston is pushed back through a 
Fig. 192: Work done distance, say x. From the definition of Work, the work 
by an expanding gas done by the gas—force on piston x x— Fx x =pAXx. 


But (Ax x) represents the change in volume of the gas, 
- Work done=p x change in volume 
or, W=p(V.—V,) te (19:4) 
where V, and V, are the initial and final volumes of the gas respectively. 
If the change in volume is infinitesimally small, we can write V,-V,-—dV, 
so that the expression for Work done becomes 

8W—pdV ^N (19:5) 

The work done is considered positive when the Bas performs the work i.e., 


when it expands, When work is done on the gas i.e., when it is compressed, 
the work is taken to be negative, 


external work. (b) 4 System absorbs no heat while at the same time 500 Joule of 
work are done on it. 


Solution: (a) Here Q=500 cal,, w= _ 47-6 cal. 

.. From eqn, (19:3), the change in internal energy— U,— U,— Q—W-— 
500—47:6—452-4 cal. As the internal energy increases, the temperature of the 
system will rise, 


0 
(b) Here Q—0, w— Jeg cal. ;, From eqn, (19:3), 


the change in internal energy — U,—U,=9— =0~(—199) 
=119 cal, 
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The increase in internal energy indicates that the temperature of the system 
-will rise. 

Example 19:8. To a gas confined in a cylinder, 600 calorie of heat are 
supplied and at the same time the gas expands against the atmospheric pressure of 
76 cm. of mercury. There is no change in its internal energy. Find its increase 
in volume. 

Solution: Here Q—600 cal.—600 x 4:2 x 10? erg, and U,—U;. 

From eqn. (19:3), the external work performed by the gas 
—W-Q9-—232x 10° erg. 

Since atmospheric pressure p—16x13:6 x 980—1:013 x 16° dyne/cm?., hence 

from eqn, (19:4), the increase in volume of the gas 


Cy W _ 252x10 _ 94.9108 
Va Via O TAT EAMA 


19:7. Specific heats of gases. i 

The specific heat of a substance (vide Art. 17°4) is defined as the amount of 
heat absorbed per unit mass per unit rise in temperature. There is no difficulty 
about this definition when applied to solids and liquids ; but special considera- 
tions are necessary to apply this definition in the case of gases, because with 
change in temperature both the volume and the pressure of a gas vary considera- 
bly. The amount of heat absorbed by a gas depends upon the conditions of 
its volume and pressure ; hence it is customary to define the specific heat of a 
gas by keeping either of the two factors, p and V, constant. Accordingly, two 
specific heats of a gas have came in vogue, viz. the specific heat at constant 
volume (c,) and the specific heat at constant pressure (cp). 

The specific heat of a gas at constant volume (c,) is the amount of heat. 
required to raise the temperature of unit mass of the gas through 1°, when its 
volume is kept constant throughout. Thus, the heat required in calorie to raise the 
temperature of m gm, of a gas through °C. at constant volume is given by 

Q-mcyt s 5.3 (19:6) 

The unit of c, is calorie per gm. per?C. or B. Th, U. per Ib per? F. 

It is often convenient to deal with one gram-molecule of the gas, instead of 
one gram of the gas. The corresponding specific heat (C,) is then called gram- 
molecular specific heat or simply molar specific heat of the gas at constant 
volume. If M be the molecular weight of the gas, then, 

C, Mc, 

The specific heat of a gas at constant pressure (cy) is the amount of heat 
required to raise the temperature of unit mass of the gas through 1°, when its 
pressure is kept constant throughout. So the heat required in calorie to raise the 
temperature of m gn. of a gas through £°C. at constant pressure is given by 

Q' —mcest oes "s (19:7) 
c, i$ expressed in the same unit as Cp. 
As before, the molar specific heat of the gas at constant pressure is given by 
C,— Mc, 
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19:8. The relation between the two specific heats of a gas. 


From the first law of thermodynamics, we know that the heat supplied to a 
substance is equal to the increase in its internal energy plus the external work 
done. 

When a gas is heated at constant volume, no external work is performed 
and hence the heat supplied is used up only in increasing the internal energy of 
the gas. 

But if the gas is heated at constant pressure, then the heat supplied not only 


produces an increase in its internal energy but is also used up in doing some 
external work, 


As the internal eneigy of a gas depends only upon its temperature, 
hence more heat will be required to produce a given change in temperature of a 
fixed mass of a gas at constant pressure than that required to produce the same 
rise in temperature at constant volume, Hence for a gas cy is greater than Cy 

To find the relation between the two Specific heats, let us .consider one gm. 
molecule of a gas. If its temperature is raised at constant volume from T, to Tp, 
them the heat supplied is C, (73— T), where C, is the molar Specific heat at 
constant volume. Since no external work is done, first law of thermodynamics 
gives 

C —7;) -U, —U, EE 

If, however, the same amount of the gas is heated at const 
that the same rise in temperature takes 
where C, is the molar specific "heat atc 
gas changes from V, to V, the external wor 
is p (V; —V.). Since the internal energy ofthe gas depends 


IOS quy 


only on temperature, 


C;(Ts — T1) — U,— U, + p(V', — V)- C(T3—:)-- p(V,— Vi) 
or, (C,— —T1)—p(V,— Vi) 


But we know that pV—RT, where Ris the gas constant for one gram- 


molecule of the gas. Hence, pV,— RT, and py. pr. Substituting these in 
eqn. (19-9), we get 
Cy—Cy=R e (19:10) 
Thus, the difference in the molar Specific heats of a gas at constant pressure 
and constant volume is equal to the universal gas constant. 


In the equation (19:10), R must be expressed in the same units as C, and C. , 
usually calorie per mole per°C. Since R=8:31 Joule per mole per °C. and 4:19 
Joule.—1 calorie, we have, therefore, R—8:31/4:19—1:99 ca]. per mole per °C. or 
very nearly equal to 2 calorie per mole perce. 


This expression is valid accurately only for an idea] gas ; 
at moderate pressure, the agreement with it is very close, 


From eqn. (19:8), C, provides the measure of the rate of change of internal 
energy with temperature and hence like internal energy, the value of C, must be 


but for real gases 
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independent of the pressure or volume of the gas. Since from eqn. (19:10), 
the difference of C, and C, is constant, C, must also be independent of 
pressure or volume of the gas. 

It can be proved that the values of C, and C, depend upon the number of 
atoms in the molecules of a gas. For a monoatomic gas, e.g. helium, neon etc. 
C, has the value $ R ; hence C, is equal to § R. Fora diatomic gas, e.g., 
hydrogen, oxygen etc., the value of C, is $ R and that of C, is $ R. 

Example 19:9. Find out the molar specific heats Cy and C, for an ideal gas 
for which y=1'67. ; 

Solution; Since y—C,[C,—1 67, therefore, C,—1:67 C,. From eqn. 
(19:10), C,— C,—1:99 ; or, (1:67—1) C,—1:99 

Mo Cy=2-97 and C,—496. 

Example 19:10. The specific heat of oxygen at constant volume is 0'155 
cal.|gm.|°C. Find its specific heat at constant pressure. (Molecular weight of O= 
32 gm.|mole. Universal gas constant —2 cal.{mole|°C.) 

Solution: Molar specific heat of oxygen at constant volume 
C,—32x0:155. From eqn. (19:10), 

C,=C.+ R=32 x 0'155+2=6:96 cal.[mole/*C. 

Hence the specific heat at constant pressure, 

c ,—C,1M—696/32—0:218 cal./gm./°C. 

Example 19-11. At N.T.P., one litre of hydrogen weighs 0:0896 gm. and 
its specific heat at constant volume is 247 cal.[gm.|"C. Calculate its specific 
heat at constant pressure. Given, J—4:2 Joule|cal. and density of mercury at 
0°C.=13'6 gm.|c.c E 

Solution: At N.T.P. 1 gm. of hydrogen occupies the volume V—1000/ 
0:0896 c.c. The pressure p —16x980x13:6 dyne[cm?. and temperature T— 
273°K, Also if M be the molecular weight of hydrogen, then 1 gm. of hydrogen 


l mole, Hence from the relation pV=nRT where n is the number of moles 


of the gas=1/M, we have T Ld 
_ R _76x980x 13:3x1000___o. 

Coo xfj 733 xO URIEXEZXIOT — 296 

(6, 40:986—2:414.0:986—3:456 cal./em./°C. 


Example 19:12. The temperature of 10 gm. of oxygen gas is raised from 
20°C. to 180°C. Find the amount of heat supplied, the increase in internal energy 
and the external work performed by the gas, if the gas is heated (a) at constant 
volume, aud (b) at constant pressure. Given for oxygen, c,=0'155 cal./gm./°C, 
Cp=0°218 cal.[gm-[^C. 

Solution: (a) From eqn. (19:6), the heat supplied at constant volume 
Q -mc (fa — 1.) = 10 x 07155 x (180— 20) -248 cal, 

Since the volume remains constant, the external work done W=0. Hence 
from the first law of thermedynamics, the change in internal energy U,— U= 


Q=248 cal. 
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(b) From eqn. (19:7), the heat supplied at constant pressure, Q=mc,(t,— ty) 
=10 x 0:218 x (180—20)=348-8 cal. Since the internal energy of the gas 
depends only on temperature, the change in the internal energy is the same as 
in the previous case, i.e., U,— U,—248 cal. From the first law of thermo- 
dynamics, the external work done W=Q—(U,— U1)—348:8—248 —100*8 cal. 
19-9. Isothermal changes, 

When the change of pressure and volume of a gas takes place without any 
change in temperature, it is called an isothermal change. 

In order to explain how such a change can be brought about, let us consider 
à quantity of gas in a metal cylinder fitted with a frictionless movable piston. 
If the gas is now allowed to expand very slowly, some work is done by the gas, 
which will tend to produce a decrease ir its internalenergy. The temperature 
of the gas, therefore, falls Slightly. But the metal cylinder being a good 
conductor of heat, heat flows from the surroundings through the cylinder to the 
gas and exactly compensates the loss in internal energy. The temperature of 
the gas, therefore, remains constant and the Bas is said to have undergone an 
isothermal expansion. 

Similarly, let us suppose that the 8as is compressed very slowly. This time, 
the work is done on the gas, and the internal energy and hence the temperature 


tangular hyperbola (Fig. 19:3). Similar shaped 
curves will be obtained at different constant 
temperature, These Curves are called the iso- 
thermals of the gas, the lower ones corresponding 
to smaller values of temperature. 


As the internal energy of a gas depends 


VIT only upon its temperature, the internal energy 
Fig. 19-3: Isothermals of the gas remains unchanged during an iso- 
of a gas thermal process. From the first law of thermo- 


dynamics, since U,— U,, Q—W. Hence in an isothermal expansion, the heat 
supplied equals the external work done by the gas. 
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19-10. Adiabatic change. 


If the change of pressure and volume of a gas takes place under such a condi- 
tion that no heat enters or leaves the gas, it is said to have undergone an adiabatic 
change. The heat content of the gas therefore, remains constant during such 
a change. 


Now, ifa gas in an enclosure is allowed to expand adiabatically then Q —0. 
Evidently, the first law of thermodynamics gives, 

UU m —W. ia. - (1911) 

U,-U, Thus in doing external work, the internal energy content of 

the gas is lowered. From Mayer’s hypothesis, the temperature of the gas also 

falls by a certain amount, It is a common experience that when the compressed 
air in a bicycle tire is released, the air on rushing out becomes colder. 

Similarly, if a gas is compressed adiabatically, then Q—0 and since W is 
negative when work is done oa the gas, we have 

U,—U,—W i ^ — (19:12) 

In this case U,>U,. Hence the internal energy of the gas increases, and a 
consequent rise in temperature is produced. Thus, when air is pumped into a 
bicycle tire, the air becomes hotter which can be easily felt. 

A gas undergoing an adiabatic change must be kept in an enclosure surroun- 
ded by a thick layer of heat insulating material, so that no heat enters or leaves 
the enclosure. The process should be performed quickly. The flow of heat is a 
slow process so that ifthe changes are brought about rapidly, no appreciable 
exchange of heat takes place. Adiabatic change is, therefore, a quick one. 


Unlike isothermal changes, Boyle's law ‘does not hold for adiabatic changes, 

In this case, the pressure-volume changes of the gas obeys the law, 
pV” =constant "s ise (19:13) 
where, y is the ratio of the specific heat, of the gas at constant pressure to the 
specific heat at constant volume, i. €., y= oe. Since C,>Cy, y is always grea- 

LJ 

ter than unity. For monoatomic gases like argon, helium etc., y=5/3 ; for 
diatomic gases and air, y=7/5. The proof of the eqn. (19°13) is beyond the 


scope of this book. 

The equation pV —RT, which is always true under all possible conditions, 
holds for adiabatic changes also. Eliminating either p or V from the eqn. 
(19:13) with the help of this expression, we get the following relations for an 


adiabatic change, « 
TyY-1—constant pis ae (19:14) 


py . constant Museu. uet cqui) 
TY : k 
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The plot of p vs. V as shown in Fig. 19-4 is called an adiabatic curve. A 
complete family of adiabatics for a. fixed mass of a gas is obtained for different 
initial values of the pressure and volume of the 

ADIABATICS gas. The figure also illustrates the isothermals 
for the same mass of the gas. From the 

inspection of the curves, it follows that the 

adiabatics are steeper than the isothermals. 

ISOTHERMALS ^ The slope of the adiabatic through any 
point isy times the slope ofthe isothermal 
through the same point. This can be proved 
simply by using calculus. The slope of the 


curve is given by Ln For isothermals, pV= 


vs 
onstant. Differentiation gives Vdp-0, 
Fig. 194: Adiabatics and pont 1 a pie PAV +V dp 
isothermals of a gas 9D P 
dV "y 


For adiabetics, p" —constant. Differentiating we get, 
ypV"-dy -VYdp—0, or, Z=- 

The adiabatic expansion has many important applications, as cooling is 
produced by the sudden adiabatic expansion of compressed gases. An example 
for such cooling effect is the solidification of carbon dioxide gas, called dry ice. 
If a cylinder containing compressed carbon dioxide gas is suddenly opened 
and a piece of wet cloth is held before it, the issuing gas is deposited in the form 
of solid carbon dioxide, Oxygen was first liquefied by utilising this principle. 


In some refrigerators, the required cooling is produced by the adiabatic expan- 
sion of compressed air. 


Example 19:13, 4 certain volume of a gas at the pressure of I atmosphere 
and 0°C. is compressed to 1/5th of its original volume. If the compression is 
adiabatic, find (a) the final pressure, and (b) the final temperature. (c) What 
would be the final pressure if the compression is isothermal? Given y of the gas 
14. 

Solution : (8) For adiabatic compression, DV =p, V.P 

“1x (V) =p (V5) 
Or, pg=(5)!4=9-52 atm. 


(b) TV "u-nys 
or, 273 (Vj 1 — T, (y,[5p« 
or, 7,—273x(5)*—520*K 
A  ty=247°C, 
(c) For isothermal compression, p,V,=p,V . 
1x Vip XV;[5 
Or, p,—5 atm. 
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k @ EXERCISE 6$ 
[A] Essay-Type Questions. 


1. Heatis a form of energy’—Justify the statement, Whatin meant by ‘Mechanical 
equivalent of heat’? State its value in C.G.S. and F.P.S. units, 

2. State the ‘First law of thermodynamics,’ Describe the general form of the law in terms 
of internal energy, external work done and heat supplied. , 

3. What in mechanical equivalent of heat? Describe a laboratory method for the 
determination of mechanical equivalent of heat. Indicate the sources of error in the 
experiment. 

4. Givetwo examples to show the conversion of mechanical work into heat. What is 
meant by the ‘internal energy’ of a gas? State and explain ‘Mayer's hypothesis’. Does it 
remain valid for real gases ? Obtain an expression for the external work done by an 
exparding gas. 

5. Define the two ‘specific heats’ of a gas, Show that the specific heat at constant 
preasure (cy) is always greater than the specific heat at constant volume (cy). 

6. What is meant by gram-molecular specific heat? Prove that ec; —c,— R where cp 
and c, express molar specific heats at constant pressure and constant volume, and R is the 
universal gas constant, 

7. Whatdo you mean by an isothermal change? How isit realised in practice? Show 
that in an isothermal expansion, the heat supplied equals the external work done by the gas. 

8. What is meant by adiabetic change? How do you account for the decrease (or rise) 
in temperature of a gas when it expands (or contracts) adiabatically ? Does Boyle's law hold 
forit? Ifnot, state the relation connecting the pressure and volume of a gas undergoing 
adiabatic change. 

9. What are adiabatics and isothermals of a gas? Show that the adiabatics are steeper 
than the isothermals. 


[B] Short-answer type Questions. 


1. What is the relation between ‘calorie? and ‘erg’ ? y 
2. What do you mean by the statement that mechanical equivalent of heat is 4:2 


joule/cal ? : f 
: is Explain why -a gas has two specific heats while solids and liquids have only one 
specific heat. í 

4. Isothermal change is essentially a aed Mise o 

5. ‘Adiabatic change is essentially a very fast process.’— K i 

6. 2 a: oplindée PAN compressed carbon dioxide gas is suddenly opened and a 
piece of wet cloth is held before it, the issuing gas is deposited in the form of dry ice. Why? 

7. Explain with reasons the following statements : 

(a) Palms get heated when these are rubbed together. 


(b) A bicycle pump gets heated when air is pumped into a tyre. 


- f a bicycle tyre or ofa car tyre is opened, the on rushing air 


'(c) When the valve o 
becomes colder. 
(d) On hammering à nail, it gets heated. 
(e) There is a difference between the temperatu: 
orea i is held against the edge of a rotat- 
(f) Fire sparks are emitted when a scissor or a knife is held aga ge 
ing sharpener. 


[C] Simple Problems. ep s 
i i to convert 15 gm. of i —10*C, 
1, h work is done in supplying heat necessary j 
into iiri > Assume specific heat of ice 0-5 and latent heat of Wd gim m 
latent heat of steam —536 cal./gm. [Ans. 


re of water at the top and at the bottom 
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2. A steel ball of specific heat 0:12 has its temperature increased by 0-5°C. on falling 
throu, h a certain height. If J=4-2 x10" erg./cal., calculate the height, [4ns, 25:71 m.) 
3. A piece of lead of specific heat 0:03 falls from a height of 40 metre. If on reaching the 
ground 75% of its energy is converted into heat, calculate the rise in temperature. 
[Ans, 2:33*C.] 

4. A lead bullet of mass 200 gm. and specific heat 0'03 moving with a speed of 50 m. /sec, 

is suddenly stopped by a non-conducting material. Assuming that all the heat developed is 
absorbed by the bullet and no heat is lost by conduction or radiation, calculate the rise In 
temperature of the bullet. [Ans, 992°C] 
5. The height of a waterfall is 40 m. Calculate the difference between the temperature of 
water at the top and the bottom of the fall, Given that J—4-2 x 107 erg/cal. [4ns. 0:093*C.] 


6. A locomotive pulls a train at a steady speed for a distance of 3 miles. If the locomotive 
exerts a total pulling force of 5 ton wt., calculate the total heat generated in the 3 mile run, 
Given 1 ton=2240 lb. and J=776 ft, lb./B. Th. U. (Ans. 2:29x 105 B. Th. U.] 

7. Some quantity of lead shot is placed ina cardboard cylinder of length 50 cm. The 
shots are then allowed to fall backwards and forwards from one end of the tube to the other 
100 times in succession, so that the temperature of them is found to have risen by 3°7°C. Find 
the mechanical equivalent of heat. (Sp. heat of lead=0-03) [Aas. 4:41 x 107 erg/cal.] 

8. Alead bullet strikes a target with: a velocity of 225 m.[sec, After the impact its 
temperature rises by 100°C, Calculate the value of J, assuming that half the kinetic energy is 
utilised to raise the temperature of the bullet and that the specific heat of lead is 0:03. 

3 (Ans. J224:22 x 107 erg. /cal.] 


9. A metal bullet travelling with a speed of 100 metre/sec. is brought to rest after hitting 

a target. Assuming that 80% of the kinetic energy is converted into heat in the bullet itself, 
find the rise in temperature of the bullet after impact ; given sp. ht, of metal=0:1. 
; [4ns. 9:529C.] 


10. A lead bullet moving horizontally entersa traget and is brought to rest, being just 
melted by the heat produced, If the initial temperature of the bullet was 17*C. find the speed 
at which the bullet enters the target. Given specific heat of lead =0-03 ; melting point of lead 
=327°C, and latent heat of fusion of lead—5 cal./gm, (Ans, 3:47 x 104 cm. [sec.] 

11. How many metre can a 70 kg. man climb by using the energy from a slice of bread 
which produces 105 calorie of heat? Assume that human body works at an efficiency of 25%. 

: [Ans, 153-1 m.] 

12. Two bodies 4 and B of masses 200 gm. and 500 gm, respectively are moving towards 
each other with speeds 120 om./sec. and 20 cm./sec. respectively. They suffer a head on 
collision and stick together and the combined mass moves with a velocity.20 cm./sec. Calculate 
the heat developed in calorie due to this collision. {Ans. 3-33 10-* cal.) 

13. A drill rated 0:56 h.p. is used to bore a hole -in a piece of iron of mass 150 gm. 
Assuming that 70% of the energy heats the iron, calculate the rise in temperature which occurs 
in 30 sec. Assume that 42x 10° erg=1 cal., 1 h.p.—746 watt ; specific heat of iron— *11 cal. 
gm -! deg. -*C. (London) [Ans. 126:6 deg C.] 


14. In an experiment for the determination of J; the mass of each weight was 14 kg. 
They were allowed to fall through 2 metre, 50 timesin succession. The water equivalent of 
the calorimeter and its content was 6 kg., and the rise in temperature was found to be 1:1°C. 


Find the value of J. [Ans. 416 Joule/cal.] 

15, A car weighing one metric tonne and moving with a speed of 54 km,/hr. is brought to 
rest by the application of brakes equally on its four.wheels, The brake bands are of steel of 
specific heat 0:12 and 75% of heat developed is absorbed by them. Calculate the mass of 
each brake band if its temperature rises by 40°C, (J=4:2x 10? erg per cal) [4nr. 1:047 kg.) 

16. Calculate the change in the internal energy when 10 gm. of air are heated from 0°C. to 
1°C. at constant volume, Given, for air c,-«0*17 cal. gm,-1 C =+, Ans. 7:14 joule] 


MECHANICAL EQUIVALENT OF HEAT: 433 


17. The temperature of 6 gm. of nitrogen gas is increased from 15°C. to 115°C, at constant 
pressure. Calculate the amount of heat supplied, the increase in internal energy and the 
external work done by the gas. If the same process is accomplished at constant volume 
calculate the heat supplied. Given, for nitrogen c,=0°177 and cp=0°248 cal. gm. -! °C ~, 

[4ns. 148-8 cal., 106:2 cal.; 42-6 cal., 106°2 cal.) 


18. Given that 1 litre of air at N.T.P. weighs 1:293 gm, and e,»0-169 cal, gm. -* °C — 
find cp. Density of mercury «13:6 gm./c.c. at 00C. J=4:2x 10 erg/cal. 
(Ans. 02373 cal, gm, -!*C. -1) 
19, The specific heat of argon at constant pressure is 0'12 and the specific heat at constant 
volume is 0:08, Find the density of argon at N.T.P. Given; J=4-2x10" erg/cal. and normal 
atmospheric pressure 1*01 x 10* dyne/cm*. [4ns. 22x10-* gm./c.c.] 
20. Some quantity of air at 0°C, is compressed (i) slowly, (ii) suddenly, to ¿th of its 
original volume ; calculate the rise in temperature in each case. Given that y for air= 1-4, 
[Ans. (i) No rise of temperature ; (ii) 246:7°C.] 
21. The tyre of an automobile car is pumped up to a pressure of three atmospheres at 
25°C, when it suddenly bursts. Find the resulting drop in temperature of tbe air. Given 
that y for airz1:4. {Ans. 80:3*C.] 
22. A body of mass 2 kg. is being dragged with a uniform velocity of 2 m.[sec. on a rough 
horizontal plane. The coefficient’ of friction between the body and the surface is 0:20. 
Calculate the amount of heat generated in 5 sec. [J=4:2 Joule/cal.and g=9-8 m./sec*.] 
(LLT. *80]. (dns. 9:33 cal.) 
23. A lead bullet just melts when stopped by an obstacle. Assuming that 25 per cent of 
heat is absorbed by the obstacle, find the velocity of the bullet if its initial temperature is 27°C. 
[M.P. of lead —327*C, specific heat=0-03 cal./gm, °C, latent heat of leade-6 cal./gm., J=4:2 
Joule. jcal.] (L.I.T*8]) [Ans. 410 m./sec.] 
24. A gas in compressed from a volume of 20 litre to 10 litre by a constant pressure of 
10° dynes/cm.* Calculate the heat developed. (Jt. Entrance 82) [Ans. 238-1 cal.) 


[D] Harder Problems. 
1, A 10 kg. mass falls through 25 m. on to the ground and bounces to a height of 0:50 m. 
Assuming that all the potential energy lost is used in heating up the mass, calculate the 
temperature rise. Given specific heat of the material is 0-06 and the acceleration due to gravity 
is 980 cm./sec*, [4ns, 0:95*C.] 
2. A bullet strikes against a steel armour plate with a velocity of 400 metre/sec, If the 
bullet falls dead after the impact, find the rise in temperature, assuming that the heat produced 
is equally shared between it and the target. Given the sp. ht. of the material of the bullet» 
0-03 and J=4-2x 10? erg. /cal. {Ans. 317°5°C.] 
3. A fire hose with a nozzle diameter of 5°00 cm, delivers a cubic metre of water in 10-0 
sec, Assuming all the kinetic energy to be nyama, mo a M Od Wl oh thoa 
ise i e water when the jet strikes a Mk y = 

calculate the rise in temperature of th er je! Que) Lu, OIP Ud 


1 cal, ! 

4. A copper calorimeter of mass 100 gm. contains 1 kg. of an oil which is stirred well bya 
rotating paddle by applying a torque of 10* dyne-cm. 1f the temperature of the liquid is found 
to have increased by 5°C, after 220 revolutions. Calculate the mechanical equivalent of heat. 


9l i =0:09 and specific heat of oil=0°64. 
iven that the specific heat of copper peci LEA - anes rg om 


i i i i hole in a block of steel. 
5. A stee! drill making 180 revolutions a minute is used to drill a 
The mass of the steel block and drill is 180 gram. If the entire mechanical work is mni > in 
producing beat and the rate of rise in temperature of the block is 0*59C. oF bam h d 
the rate of working of the drill in watt and (b) the couple required to drive e " AA 1 
of steel 0-10. cal./gm./°C. IL. 
eel-«0-10 cal./gm./°C.) (dm. (9) 378 watt, (b) ^ Newtou-aetre] 
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6. A block of ice of mass 3 kg. is dragged over a horizontal sheet Of ice for a distance of 
50 m. all the ice being at 0°C. Calculate the mass or ice melted, taking the coefficient of 
friction between the ice surfaces as 0-03 and the latent heat of fusion of ice as 80 cal./gm; 
A {Ans, 0:131 gm.] 
7. A petrol engine consumes 20 kg. of petrol per hr, The calorific value of the fuel is 
1x10" cal. per kg. The power of the engine is 84 kilowatt, Calculate the efficiency of the 
engine. [Ans, 36%] 
8. A steel tool of mass 250 gm. held against the edge of a grindstone of radius 8:4 cm. 
spinning at 4 rev. per sec., exerts a tangential force of 500 gm. wt. on the gridstone, If 90% 
of the mechanical work done is converted into heat, which is absorbed uniformily by the tool, 
find the rise in temperature of the tool at the end of one minute. Take the value of J to be 
42x 10! ergjcal. and the sp. ht. of steel to be 0°12, [4dns. 443°C.) 
9. A vessel containing liquid at its boiling point and suitably jacketed to Prevent heat 
losses, is stirred by a motor driven stirrer using 75 watt. If 250 8m. of the liquid are evapo- 
rated in 1 hour, what is the latent heat of vaporisation of the liquid? Given J= 4:2 Joulejcal, 
[4ns. 2571 cal./gm.] 
10. An engine doing work at the rate of 10 kW uses 3 O kg. of fuel per hour, the calorific 
value of the fuel being 12,000 cal, gm. -* One-quarter of the heat produced in the combustion 


escapes with the exhaust gases, Calculate (a) the percentage of heat produced in the com- 
bustion of the fuel which is converted into work 


; (Cambridge) 
[4ns. (a) 23:81% (b) 0-64 deg C./sec.] 


top by a frictionless piston weighing 
25kg. wt. The area of the bottom of the cylinder is 15 cma, The initial volume of the gas in 
Dtity of heat is necessary to raise 
conditions if it ig known that 
through 15 degree at constant 
t the atmospheric pressure, 
[Ans. 85:64 cal.] 


be taken as 0:958 and 0*000606 gm. cm, - respectively, 

15. The density of hydrogen gas at N.T.P. is 8:96x 10-5 
constant volume is 2:41 and the ratio of Specific heat at cons 
volume is 1-4. Find mechanical equivalent of heat, 

16, The anode of a wireless valve is bombarded by a strea 
9x10 -*? gm, moving with a velocity of 10° cm, sec, If the mass of 
heat is 0'1 and 3 x 10% electrons hit it per Second, calculate the p; 
rises on the assumption that all the energy of the electrons is conve 


the anode is 0:5., its specific 


17. The volume of a certain gas, having a density of 000125 gm.[c.c. 
1 atmosphere and at a temperature of 0°C,, is 8 litres, 30 calories of heat are required to raise 
the temperature of this gas to 15°C at constant Pressure, Find the sp, ht of the gas at 
constant pressure and also at constant volume, (R=2 cal./°c, mole), (Jt. Entrance '81) 


[4ns. 5-6 and 3-6 cal./^C. mole} 


under a pressure of 
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18. A glass tube 1 metre long, closed at the ends, contains 25:0 gms of lead shot, the 
remainder of the tube being filled with 1 litre of water. The tube is held vertically and then 
inverted, causing the shot to fall the entire length of the tube. How many times the action is 
tobe repeated to produce arise of temperature of 1°C? Neglect the heat supplied to the 
glass. (sp. ht. of lead=0-02, J—4:2 joules/cal.) (Jt. Entrance '81) [Ans, 17,151] 

19. A heating coil is embedded in a copper cylinder which also carries a thermocouple, 
The whole is thermally equivalent to 30 gm. of copper. The cylinder is suspended in liquid 
nitrogen until the thermocouple reading is constant. The cylinder is taken out and rapidly 
transferred into a beaker of water at 0°C. A coating of ice is formed on the cylinder and 
when its temperature in again constant it is taken out of the water and suspended in a space 
maintained at 0°C. The heating coil is switched on which supplies energy at a steady rate of 
25 watts, After 1 min. 19 sec, the whole of the ice has just melted. Find the temperature of 
the liquid nitrogen. Specific heat of copper=0-08. [4ns. —195:9*C.] 

20. A lead bullet at 27°C strikes a steel plate with a velocity of 700 m./sec, and due to 
the heat produced by impact, the bullet just melts. Assuming that heat generated has been 
shared by the bullet and the plate, what percentage of heat has been ab:orbed by the steel 
target. Specific heat of lead —0:03, its melting point—327^C., its latent heat of fusion—5:4 
cal.[gm. (Jt. Entrance '84) [Ans. 75:39] 


20 KINETIC THEORY OF GASES 
CHAPTER 


2031. Molecular theory of matter. 


At the beginaing of the last century, the concept of the molecular structure 
of matter was developed by Dalton ina coherent form. We now know that 
every substance whether solid, liquid or gas is composed of a very large number 
of tiny particles, called molecules, The molecules of a substance are all identi- 
cal with one another and possess ali the characteristic properties of the subs- 
tance, : 

It has also been established that the molecules exert forces on one another. 
From a study of the observed differences in the physical behaviours of solids, 
liquids and gases, the nature of the molecular forces can be surmised. 

In solids, the molecules are placed very close to each other. Since a large 
force is required to pull a solid apart, the inter-molecular forces must be attrac- 
tive in nature and should be of fairly large magnitude. 


In liquids, the distance between the molecules is usually larger than that in 

solids. Since much smaller forces are required to separate parts of liquids, the 
forces of attraction between the molecules must be smaller, 
In gases, the separation of the molecules is still larger, No external force 
is required to separate parts of gases, so that a gas automatically fills up the 
entire space available to it. This shows that inter-molecular attraction in a gas 
may be considered to be negligible. 

The above facts indicate that in general, with increase in the Separation, the 
force of attraction between the molecules decreases rapidly. 


| 20:2. Heat as motion of rnolecules, 


In the last chapter, we saw that heat is a form of energy. The question that 
naturally arises is—energy of what ? The answer to this question forms the basis 
of the kinetic theory of matter. According to this theory, the molecules ofa 
substance are ina state of incessant motion. They are always. vibrating or 
moving and this motion is correlated with the heat energy. When a substance 
is heated, the molecules move faster so that an increase in the kinetic energy of 
the molecules takes place. Heat is, therefore, identified with the motion of the 
molecules, 

In solids, the inter-molecular attraction is so large that the molecules cannot 
move freely but remain in definite positions, As a result, the molecules 
can execute only vibratory motion about their mean positions, Solids, there- 
fore, possess definite shape and volume, is 
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In the case of liquids, attractive forces between molecules are relatively weak. 
The molecules of a liquid, therefore, vibrate and also move randomly through 
the liquid. Liquids can, therefore, change their shape and flow from one place 
to another. 


In gases, the attractive force between molecules is almost negligible. The 
gas molecules, therefore, move freely ina random manner in every possible 
direction over the entire space of the containing vessel. In dc'ng so, they 
collide with each other and also with the walls of the container. So a gas does 
not possess either a definite shape or a definite volume. 

We shalldevote ourselves mainlyto the discussion of the kinetic theory 
of gases. The kinetic theory of solids and liquids is much more complex and 
a detailed discussion is beyond our scope. The kinetic theory of gases was fully 
developed in the middle of the 19th century. The theory was placed cna firm 
mathematical basis by such celebrated scientists like Bernoulli, Clausius, Max- . 
well, Boltzmann, Jeans, Van der Waals and. many others. 


20:3. Evidences in favour of the kinetic theory. 


The motion of the molecules cannot be directly seen asthe molecules are 
too small to be visible. Various important evidences are, however, available ! 
in favour of the kinetic theory. 

(1) Diffusion: If a cylinder filled with hydrogen is inverted over another 
containing a heavier gas, say carbon dioxide, it is found that the two gases get 
mixed up against gravity. With lapse of time, a uniform mixture is obtained. 
This can be easily explained by the kinetic theory. As the molecules of the 
two gases moye randomly in all directions over the entire space of the container, 
they intermingle with one another and soon a uniform mixture is produced. 
This phenomenon in which a substance mixes with another because of molecular 
motion is called diffusion. Liquids and solids are also found to diffuse. For 
example, if a few copper sulphate crystals are dropped in a beaker of water, the 
water at the bottom will first become coloured with dissolution of the crystals, 
Though the copper sulphate solution is heavier than water, it will be observed 
that it slowly diffuses upwards in spite of gravity. After the lapse of sufficient 

d. Even the diffusion of one solid into 


time, all the water becomes coloure t 
another has been observed. Diffusion of gold into lead has been demonstrated 


by Rebert Austen, 

(2) Evaporation and vapour pressure : Simple explanations of these pheno- 
mena are provided by the kinetic theory (vide Art. 20:5). 

(3) Agreement with results cbtained from other branches of Physics : Jt is 
possible to deduce the gas laws viz. Charles law and Boyle's law, from thé 
kinetic theory. Expressions for the specific heat, Avogadro's number, molecular 
diameter etc.are also obtained from this theory. Values of the coefficient of 
viscosity and the conductivity of a gas are also derivable from thís theory. Ail 
these results agree quite well with those obtained from experimental investiga- 
tions or obtained theoretically from other branches of Physics. 

P-1/29 
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(4) Expansibility of gases : A gas completely fills up a container of any 
shape and volume. This property clearly indicates that gas molecules are free 
to move randomly over the entire space available, This also explains the fact 
that a gas can be compressed easily, Compression of a gas is simply equivalent 
to lessening the space available to the moving molecules. 

(5) Brownian motion: This phenomenon was first observed by the British 
botanist Robert Brown in 1827. It provides one of the most direct piece of 
visual evidence of molecular motion. We shall discuss it in detail in the next 
article. 


20:0. Brownian motion. . 


Robert Brown discovered that when fine pollen grains suspended in water 

are viewed under a high power microscope, they are seen to be dancing wildly, 

as if they are alive. They are, however, found 

to execute the same kind of motion even 

after they had been boiled. Later it was found 

that the phenomenon is a general one. Any 

kind of fine particles suspended in both liquids 

and gases exhibit such motion. The particles 

move continually in a completely random 

manner describing a succession of short 

displacments rapidly from one way to other. 

Such motions are called Brownian motions, 

after their discoverer, The path of a single 

Fig. 20:1: Brownian motioo particle is very much like that shown in the 

Fig. 20:1. In water or air, Brownian motion 

is exhibited by those suspended particles whose diameters are of the order of 
107? to 10-5 cm. 

The characteristics of Brownian motion are I 

(i) This motion is Spontaneous, perpetua] and completely random. Even 
in the same locality, no two particles exhibit the same kind of motion. 

(ii) The motion does not depend upon the chemical nature of the suspended 
particles, At the same temperature, different particles of identical sizes are 
found to be equally agitated, 

(iii) With rise in temparature, the motion becomes more vigorous. 

" With particles of smaller dimensions, the motion becomes more 
rapid. : 

(V) More vigorous motion is witnessed when the particles are suspended in 
a fluid of smaller viscosity. Hence the motion is most pronounced in the case 
of gases. 

(vi) The motion is independent of the state of motion of the vessel con- 
taining the fluid, 

The cause of the Brownian motion cannot be attributed to any convection or 
eddy current in the fluid, because the motion is completely random in nature. 
The correct explanation is provided by the kinetic theory. The motion of 4 
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suspended particle is due to the bombardment from different sides by the moie- 
cules of the surrounding gas or liquid, which themselves are in continual motion. 
Very small particles are essential, If the particie is fairly large, the forces due 
to the molecular impart will cancel out and there will be no average resultant 
force on the particle. Which therefore remains at rest. For example, a piece 
of paper or a watch-stick floating in water does not exhibit Brownian "motion, 
Only if the particle is very small, there is little chance that the effects of these 
forces will exactly cancel out at any instant. Since the impacts are quite random, 

the resulting motion of the particle is completely erratic. Obyiously smaller 
particles will exhibit more vigorous motion. With rise in temperature, the 
intensity ofthe thermal motion of the molecules increases. Hence the magri- 
tude of the unbalanced force acting on the particles becomes greater producing 
in consequence greater agitation in them, 

After about three quarters of a century of the discovery of the effect, a theo- 
ritical explanation was given by Einstein on the basis of the kinetic theory. He 
showed thatthe average ofthe squares of the displacements ofa Brownian 
particle should be proportional to the elapsed time. This was confirmed experi- 
tally by Perrin, R.A. Millikan and others. The experiments led to a determina- 
tion of Avogadro’s number according to Einstein's theoretical formula. The 
value, so obtained, was found to be in close agreement with the results obtained, 
by other observations of the most diverse kinds. Brownian motion thus furni- 
shes the most direct and most convincing evidence of the validity of the kinetic 


theory. 

Demonstration Experiment: A little amount of smoke is drawn into a 
small glass cell G [Fig. 202]. The small amount of smoke can be conveniently 
obtained from a burning cigarette. The 
glass cell is illuminated strongly from one 
side by converging the light from a bright M 
source S with a lens L. The illuminated 
smoke particles are viewed from above with 
ahigh power microscope M through the 
window W. The tiny smoke particles are 
geen as bright specks of light dancing to 
and fro in a completely random manner. Fig. 202: Demonstration 
Brownian motion in a liquid can be similarly of Brownian motion 
demonstrated by observing the small particles in colloidal solution. 


20:5. Explanation of different thermal phenomena, 
Different thermal phenomena are explained inan elegent manner by the 
kinetic theory. Some of these are discussed below : 


vibration of the molecules. 
sion in the linear dimensions of the solid is said to have taken place. 
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A liquid possesses no definite shape so that only an expansion in volume 
takes place due to the same cause, 


(ii) Change of state ; Latent heat: We have already mentioned that the 
molecules in a solid are arranged in definite positions and execute vibration about 
these mean positions. With rise in temperature, the amplitude of the vibration 
increases. This goes on until the meiting point is reached, when the vibrations 
become so voilent that the attractive forces are no longer able to bound the 
molecules to fixed positions, The ordered arrangement is then destroyed and 
the molecules become comparatively free to move, giving rise to the liquid. The 
latent heat of fusion represents the energy that must be supplied to perform the 
necessary work to free the molecules in this way. Therefore, during the change 
of state, the heat energy supplied is Spent not in increasing the K.E. of the mole- 
cules, but in breaking the bonds of intermolecular attractive force i.e., in ine 
creasing the P,E. of the molecules. Hence, no rise in temperature occurs during 
such change. 


Similarly, the latent heat of vaporization can be explained. In a gas, the 
molecules are much farther apart than ina liquid, and hence energy must be 
Supplied to bring about such increased separation, Since the change of state 


gives rise to cooling, 


When a liquid is confined in a closed vessel, the molecules leaving the sur- 
gather in the space above the liquid, They move randomly in all directions 
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correspondingly the number returning to the liquid in a given time also increa- 
ses, Ultimately a condition is reached, when as many molecules return to the 
liquid in a given time as escape from it in the same interval. This is called a 
state of dynamic equilibrium. The number of vapour molecules in the closed 
space then attains the maximum value under the given conditions of volume 
and temperature and remains steady. The vapour is then said to be saturated. 
The pressure exerted by it is called saturation vapour pressure, which is obvi- 
ously the maximum possible pressure at the particular temperature since the 
vapour then possesses the maximum possible density at that temperature. In- 
crease in the temperature results in an increase of the speed of the molecules 
inside the liquid. Hence in a given time, more molecules are now able to escape 
from the liquid so that when dynamic equilibrium is again established, greater 
number of moleclues are present in the space above the liquid. So an increase 
in the density of the vapour molecules takes place, producing a corresponding 
increase in the saturation vapour pressure, 


If the volume of the space above the liquid decreases (or increases), then the 
rate at which the vapour molecules enter the liquid increases (or decreases), If 
the temperature remains constant, then the rate of escape of the molecules from 
the liquid remains the same. It obviously means that some vapour is condensed 
(or some liquid is evaporated) till the dynamical equilibrium is again reached. 
So the density of the vapour and hence the saturation vapour pressure remains 
unchanged by such change in volume. 


20:6, Basic assumption of the kinetic theory of ideal gases, 


In order to develop the kinetic theory of gases on a quantitative basis, the 
following simple assumptions are made : 

(i) A gasconsists ofa very large number of molecules which are exactly 
alike in all respects. 

(ii) The molecules are continually in motion and this motion is completely 
random i.e., they are moving in all possible directions with all possible veloci- 
ties ranging from zero to infinity. 

(iii) In such motion, the molecules collide with one another and with the 
walls of the container. At each collision their velocities are altered both in 
magnitude and direction. But in the steady state, the molecular density of the 
gas is not affected by these collisions, the number of molecules in any small 
element of volume remains the same regardless of the position of the element. 

(iv) The collisions are assumed to be perfectly elastic i.e., both momentum 
and kinetic energy are conserved in such collisions. 

(v) Between two consecutive collisions a molecule travels in a straight line 
with uniform velocity according to Newton's first law of motion. The distance 
a molecüle moves between two successive collisions is known as its free path. 

(vi) The duration through which a collision lasts is negligible compared 
with the interval between two collisions. 
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(vii) Except when they collide, the molecules do not exert any force of 
attraction or repulsion on one another or on the walls of the container. 

(viii) The actual volume occupied by the molecules is negligible compared 
with the volume occupied by the gas i.e., we can regard the molecules as mere 
mass-points, 

A gas for which all the above assumptions hold ture is called a petfect gas 
or an ideal gas, In reality, no such gas exists for which the above assumptions 
are strictly valid. Hence the behaviour of a real gas deviates from that of an 
ideal gas, 


20.7. Mean velocity, Mean square velocity and R.M.S, velocity, 


Let us consider an enclosed volume of a gas containing a number of mole- 
cules, say N. If the velocities of the molecules be. e, c,..-ex respectively, then 
the mean velocity c is given by the relation 


"E us Ree 2] YT 
[4 aes URP vas Joe (20-1) 


The mean square velocity is defined as the mean of the square of all the 
molecular velocities. Thus mean square velocity 
au pne - vex (202) 


The square root of the mean square velocity is known as the root mean 
square or R.M.S. velocity. Thus if C denotes the R. M, S. velocity, then 


OEL OST o ap 
NE S (203) 

or, Omani tat 7 e 0 (204) 
So the square of the R. M. S. velocity equals the average of the squares of 


the veloctties of the molecules, 


The R.M.S, velocity is not identical with the mean velocity. For example, 
suppose, we have only 3 molecules with velocities of 20, 26 and 50 m./sec. respec- 
tively. Then the mean velocity for the molecules of this “gas” is c 299.0480 


In general, the mean velocity is somewhat less than the R.M.S. velocity is of 
practical importance, not the mean velocity, 


20.8. Pressure of an ideal gas, 


On the basis of the foregoing assumptions, Joule, in 1848, obtained an 
expression for the pressure of an ideal gas in terms of the number, velocities and 
mass of the molecules, In course of their incessant random motions, the mole 
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cules of a gas collide with the walls of the container (Fig. 20:3), These conti- 
nuous blows on the walls give rise to a force tending to push the walls outwards, 
which is felt as the pressure exerted by the 
gas. As a molecule collides with the wall 
then since the collision is elastic, it rebounds 
with the same velocity. Hence, a change in its 
momentum takes place. This change ia the 
momentum of a molecule per collision is , 
multiplied by the rate at which the molecules -` 
strike the wall, whence the total rate of change 
of momentum for all the molecules is obtain- 
ed. From Newton's second law, this gives the 
force exerted by the wall on the gas molecules. 
From Newton's third law, the gas molecules Fig. 203 Explanation of 
exert the same force on the wall, which when pressure of gas 

divided by the area of the wall gives the pressure exerted by the gas. Calcula- 
tions carried out on this basis yield the following expression for the pressure 


p of an ideal gas 


I LILU L LLLI LJIV VRL LYH ho 
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pip c linda AOS) IS 
where m is the mass of a molecule, n is the number of the molecules per unit 
volume and cis the mean square velocity. Now mn is the mass per unit 
volume and is therefore, equal to the density p of the gas. If C be the R.M.S. 
velocity, we get 
p=imnc® =$pC? - -. . (206) 
If N be the total number of molecules in a gas of volume V and mass M, 
then p=M/V=mN|V. Therefore, 
pM nes e QI) 


Rearranging the eqn, (20:6), we get 
ce we ve (20°8) 


This equation enables us to calculate the R.M.S. velocity of the molecules 
of the gas from the directly measurable values of the pressure and the density 


of the gas. 


20:9, Interpretation of temperature from kinetic theory. 


So far in our discussions, we have not considered the change in temperature 
of the gas. To introduce the temperature into the kinetic theory, we make use 
of the equation of state of an ideal gas obtained experimentally viz., pV —RT, 
where Risthe universal gas constant, For simplicity, we consider 1 mole of 
the gas so that in eqn. (20:7) M becomes the molecular weight of gas and N is 
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the number of molecules in a gram-molecule i, e., the Avogadro number, Hence 
we have, 
4mNC*=:RT i & (20:9) 
This equation directly provides the kinetic theory interpretation of tempera- 
ture, The total translation K, E. of the molecules of the gas is given by, 
E=}me dr 4bmc? 4 ...... Times? 
=m t et eee To) -—imNe 


—imNC: d .. (2010) 
For 1 gm. mole of the gas, we can make use of eqn (20:9) and get 
Energy per gm. mol. of a gas, E=} . 4 mNC? 
= RT e am (20:11) 
Now, the average translational K.E. per molecule of the gas is 
Eimer AT _g kT ” 2 (20:12 


gas is directly proportional to theabsolute temperature and is independent of the 
kind of gas. 

This gives the meaning of temperature in the kinetic theory, viz. that tempe- 
rature ls a measure of the average molecular K, E. of translation. This equation 
also confisms the concept of heat as a form of energy. 


It also follows from this equation that at T=0, E—0 ; hence at the absolute 
zero of temperature, the molecules of an ideal gas do not possess any K.E. of 
translation, In other words, all molecular motion ceases at the absolute zero 
of temperature. This, however, is an ideal Picture not exactly true in practice 
since all substances cease to be in the gaseous state before the absolute zero of 
temperature is reached. 


An expression for the R.M.S. velocity can be obtained from the eqn. 
(20:12) We have, 


E—&mC?—3kT 
CT _ 2RT 
m M 
or, C-4/3RT 
E - .. — (2013) 
^ Car/T 
Lastly, we note that from eqns, (20-7) and (20:10), we get 

DV —3mNC!—i x imNC!- iE ; . (2014) 


Hence the pressure exer ted by unit volume of an ideal gas I, q d 
$ equal to two thii 
of the total K.E, of the molecules of the gas. 


Example 20-1. 4 500 c.c. flask contains 5:5 x 10" molecules of hydrogen 
each of mass 3:32x 10-* em, and having R.M.S. velocity 3 x 104 cm.[sec. Caleu- 
late the pressure in the flask and express it in atmosphere. 
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Solution : Here V —500 c.c., m=3:32x 10-24 gm., N—5:5 x 10% 
C=3 x 10¢ cm./sec. Hence from eqn. (20:7), 
pa. mN ca_3'32x 10x 55x 104 x 9 x 108 
y 3x 500 
Since one atmospheric pressure— 1:013 x 105 dyne/cm.? 
. 1:096 x 10? 
P“TO13 xl 


=1-096 x 10’ dyne/cm.* 


—10:8 atmosphere. 


Example 20:2, Calculate the R.M.S. velocity of oxygen at N T.P. (one 
litre of oxygen weighs 1:429 gm. at N.T.P.) and also at 1365°C. 


Solution ; Hence the pressure p—76x 13:6x981 dyne/cm.* ; density p= 
1:429 x 10-8 gm./c.c. Hence from eqn. (20:8), for oxygen the R.M.S. velocity 
is given by, 

c=, fp... [BXT6x1596x981  ,. 2 

af 001429 4-613 x 10* cm./sec 

Let the R.M.S. velocity be C' when the temperature is 1365°C. 
ies (1365 +273) — 1638" K =T" (say). 

From eqn. (20:13), we have, Ca yT 

C [Tm . Hem 
cz Nov 
C'=/5 x 4613 x 105—1:13 x 10° cm./sec. 


or, 


Example 20:3, At what temperature is the R.M.S. velocity of hydrogen 
molecules equal to that of oxygen molecules at 47°C? An oxygen molecule is 
about 16 times as massive as a hydrogen molecule. 

Solution: Let the required temperature be T°K. Then from eqn. (20:13), 
we have 

RT—$MC? and R (273--47)—$ 16MC*. 


ividi Lue =20°K 
Dividing, we get 320 3» T 


Example 20:4. Jf the average distance between collisions of nitrogen mole- 
cules at 1 atm. pressure and 0°C. is 9:44x 1079 cm., what is the time between 


collisions? Given R=8'31 10" erg.|°C.|mole. . 
Solution: Molecular weight of nitrogen=28 gm./mol So from eqn. 
(20:13), the R.M.S velocity at 0°C. is given by 
PORE: JZ 831x107x273 _ 4.93, 101 cm./sec. 
caf Na 


. „average distance 9-44 x LUR Tis -10 
<. Time between collisions p M.S, velocity 493x 10" A E 


Example 20:5. What is the K.E. of translation of the molecules in 20 gm. of 
CO, gas at 27°C. ? Given R=8'31 Joule|°C.|mole. 
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Solution; Molecular weight of Co,=44 gm./mol. Hence the number of 
mole present - 20x (say). From eqn. (2012), the K.E. of translation of the 


molecules in 1 mole of a gas EN- ART 
Hence for x moles, the K.E. of translation of the molecules 


parrez Oxea 213 +27) 1699 Joule. 


20:10. Deduction of gas laws. 


(1) Boyle’s law: From eqn, (20:7), we have pV=4 MC*. If temperature 
is maintained constant, the R.M.S. velocity C remains constant. We, therefore, 
Bet that pV is constant for any fixed mass M of the gas at constant tempera- 
ture, which is Boyle's iaw. 

(2) Avogadro's hypothesis : This hypothesis states that at the same 
temperature and pressure, equal volumes of all gases contain-the same number of 
molecules. . 

From eqn. (207), we have for equal volumes of two different gases 1 and 2 
at the same temperature and pressure. 

pV —yni NC — em, N,C, 

Now, since the average K.E. of translation of a Bas molecule depends only 
on temperature, the average molecular K.E, of translation for the two gases 
must be the same because both are at the same temperature, Hence, jm,C; 


—mQC,. 

So, we obtain N,—N,, i.e. the number of molecules in both the gases are 
the same, 

(3) Dalton's law of partial pressure: The law states that the pressure 
exerted by a mixture Of gases is equal to the sum of the pressures exerted by 
each of the constituent gases if it alone Occupied same volume at the same 
temperature. 

Let a number of gases having densites p, Par Pa’. amd R.M.S velocities 
Cy, Ca, C;---.-.etc. be mixed together in the same volume, From the assumption 


pressure p will be due to all these different types of molecules. Hence 
P=$piC?+ bpeCy?-+4p5C,2-+. aa 
=P tP + pa -..... 


where pi, pa, py are the pressure exerted by each gas if it alone occupied the 
samé volume. Hence Dalton's law is proved, 


2011. Limitations of ideal gas laws. 


The equation of state pV — RT holds accurately only for an ideal gas. We 
have seen that this equation is obtained from the Kinetic theory with a set of 
ideal assumptions. Boyle himself found that the law is Obeyed by real gases 
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deviations of behaviour of real gases from this law were noticed. The devia 
tions become more pronounced at low temperature and high pressure. ; 
In developing the kinetic theory, we assumed that the volumes of th 
molecules are negligible and that they do not exert any force on each oth : 
Deviations in the behaviour of real gases from the ideal gas equation are eal 
to the inaccuracy of these assumptions. Obviously a molecule possesses finite 
size, however small it might be. At high pressures when the gas is compressed 
to a very small volume, the volume of the molecules can not be entirel 
neglected. Hence to get the effective volume, a correction term b which ip 
related to the total volume of the gas molecules must be subtracted from the 
measured volume V. Hence in place of Vin the ideal gas equation pV—RT, 
we must write (V—b). : 
The molecules also exert attractive forces on each other. When a molecule 
approaches the wall of the container, it is attracted from inside by the molecules 
in its neighbourhood. This is similar to the phenomenon of surface tension in 
liquids. Hence the pressure p experienced by the wall is less than the pressure 
that would be exerted in the absence of inter-molecular attraction. At low tem- 
peratures when the velocities of the molecules become very small, these inter- 
molecule attractive forces play a prominent role leading to the deviation from 
the ideal gas equation pV=RT. It is obvious now that to account for this 
factor, a correction term must be added to the observed value of pressure p. 
This correction term was shown by Van der Waals to be equal to a/V*, where a 


is a constant for a given mass of gas. 
Hence for real gases, the equation of state takes the form 


oa) (vi) =m 


This is known as Van der Waal's equation. 


@ EXERCISE 6 


[A] Essay type questions. 
1. How is the motion of the mol 
liquid and in a solia? Mention very 


the kinetic theory. . 
2. Givea short account of the kinetic theory of matter, indicating how this theory explains 


(i) Thermal expansion, (ii) Change of state and (iii) Evaporation and vapour pressure, 
3. State the basic assumptions of the kinetic theory of ideal gases, Explain what are meant 
by mean velocity and root-mean square velocity. Are the two velocities identical ? Which 
one is more important in kinetic theory ? / UE 
4. (a) When heat js supplied to a body what physical process goes on inside it ? 
[ Jt. Entrance '79 ] 


non from the kinetic theory of gases. 
tion? What are its characteristics ? How do you 


ecules in a gas different from that of the molecules in a 
briefly the experimental evidences, if any, in support of 


(b) Account for the diffusión phenome 

5. What do you mean by Brownian mo 
account for such motion ? 

Describe how can you demonstate the phenomenon. . k ; ; 

6. How the pressure exerted by a gas on the wall of its container is explained from 
kinetic theory ?. Write down an expression for it in terms of the density and r.m.s. velocity of 


molecules of the gas. 
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Prove that for a gas of molecular weight M and temperature T°K, the R.M.S. velocity of 
its molecules is 
C= He ; 
M 


7. How can Boyle’s Law, Avogadro’s hypothesis and Dalton’s law of partial pressure be 
accounted for by the kinetic theory of gas ? 

What is the interpretation of temperature on this theory ? 

8, State and explain the limitations of the ideal gas equation PV=RT. Write down the 
equation which holds for a real gas, 

Explain how this equation is established, 

9. (i) Prove that the average kinetic energy of a molecule is the same for all gases at the 
same temperature. 

(ii) Prove that the pressure exerted by unit volume of an ideal gas is equal to two-third of 
the total kinetic energy of the molecules of the gas. 


[B] Short answer type questions, 


1. What is an ideal gas? What is the difference between an ideal gas and a real gas? 

2. ‘At same temperature molecules of different gases have the same R. M. S. velocity’. 
Isit true? Justify your answer. [7 1. 7.°81)} 

3. How does the R. M, S. velocity of the molecules of an ideal gas change, when (i) tem- 
peratuse is increased, and (ii) density is increased. 

4. In Brownian motion, do we observe the motion of the molecules of a liquid or a gas or 
of some other particles ? 
[C] Simple Problems. 

1, Find the increase in average translational kinetic energy per molecule of a gas for 5*C. 
rise in temperature, Given that R—8:31 Joule/^C/mole and N 6:023 x 105, 

: [ Ans, 1:035 x 107? Joule ] 

2, Find the R.M.S. velocity ef molecules of CO, at a pressure of 76 cm. of Hg. Given 

that the density of mercury=13-56 gm./c.c,, g—981 cm./sec.* and density of CO,=1:997 x 10-3 


gm./c.c. [ Ans, 3:896 x 104 cm./sec. ] 
3. A gasis kept at 0°C, If one has to double the R.M.S, speed of the molecules, to what 
teiuperature in degree centigrade must the gas be raised ? [ Ans. 819°C. ] 


4. At what temperature is the R.M.S. velocity of hydrogen molecüles equal to that of car- 
bon dioxide molecules as 57°C. A carbon dioxide molecule is about22 times heavier than a 
hydrogen molecule. [ Ans. 19K] 

5., Nitrogen gas of molecular weight 28 gm./mole is at 1 atmos, pressure at 0°C. Find 
the average distance between collisions of nitrogen molecules if time between collisions is only 
2x 10-1 sec. Given R—8'31 x 10? erg/°C/mole. [ Ans, 9:86x10-* cm. ] 


and having R. M. S, velocity 5x 10* cm./sec, Calculate the pressure in th 
it in atmosphere. [ Ans. 9:946 atmos. ] 
8. What is the kinetic energy of translation of the molecules in 15 gm. of ammonia gas at 
37°C? Given molecular weight of ammonia is 17:03 gm./mole. and R—8:31 x10? erg/ 
mole/°C. [ Ans. 3403 Joule } 
9. Calculate the total molecular kinetic energy of a mole of a gas at N.T.P. 
[ Ans. 3407 Joule ] 
is 1:33x10* m./sec. 
1-718 x 10-* gm./c. c. ] 


10. The R.M.S. velocity of helium molecules under normal pressure 
Calculate the density of helium under such condition. [ Ans, 
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11. Calculate the density of an ideal gas at S.T.P. if the R.M.S. velocity of the molecules 
be 0:5 km./sec. What will be density of the gas at 21°C, the pressure remaining the same ? 
( Assume 1 standard atmosphere=10* N/m? ). ( Jt. Entrance *83 ) 

[4ns. 12 kg./m? ; 1:114 kg./m?. ] 

12. The r.m.s speed of hydrogen molecules is 2-0x 105 cm./sec. at a certain temperature. 
Calculate the r.m.s. speed of oxygen molecules at the same temperature. ( Their molecular 
weights are 2 and 32 respectively ). [ Ans. 5x10* cm./sec ] 

13. Smoke particles in the air have masses of the order of 10-8 kg. The Brownian motion 
of these particles resulting from collisions with air molecules can be observed with a micro- 
scope. Find the r.m.s. speed of Brownian motion for such a particle in air at 27°C. 
( Boltzmann's constant k=1:38 x10- erg/ molecule °K). [4ns. 1:11 em./sec. ] 


(D] Harder Problems 


1. Methane gas of molecular weight 16 is at 20°C. and 5 atmos. Calculate its density, and 
hence find the R.M.S. velocity of the gas. Given Re831x10' erg./^C/mole. and 1 atmos,= 
1:013 x 10* dyne/cm?. [ Ans. 3:328 gm./It., 6:757 x 10* cm. [sec. | 

2. Calculate the number of molecules in 1 c. c. of a perfect gas at 27°C and at a pressure 
of 76 cm. of Hg. Given that the mean kinetic energy of a molecule at 27°C=4x 10-4 erg. and 
density of mercury=13°6 gm./c.c. [ Ans. 3-798 x 10°} 

3. At 18°C. and 765 mm. of mercury, 1:29 litre of an ideal gas weighs 2:71 gm. Compute 
the molecular weight of the gas. Hence, find the R.M.S. velocity of the gas, assuming R=8-31 
x10? erg,/°C/mole. ` [ Ans. 49:83 gm./mole. ; 3:816» 10* cm./sec, ] 

4. Calculate the R.M.S. velocity of a molecule of hydrogen at 30°C. and 70 cm. of mercury 
pressure. Molecular weight of hydrogen is 2:016 gm./mole. { Ans. 1936 m./sec. ] 

5, Two vessels contain hydrogen and oxygen at the same temperature. If the R,M.S. 
velocity of oxygen molecules be 400 m./sec., calculate that of hydrogen molecules. Given that 
molecular weights of hydrogen and oxygen are 2 and 32 respectively. [ Ans. 1600 m./sec. ] 

6. One gm. mole of helium at 60°C is mixed with one p mole of argon at 30°C. What 
is the temperature of the mixture ? I [4ns. 45°C] 


2l TRANSMISSION OF HEAT 
CHAPTER 


211. Method of heat propagation. 


We know that temperature is that thermal state of a body which determines 
the direction of flow of heat. Whenever there exists a difference in temperature 
between two bodies or between adjoining portions in a single body, heat flows 
from one at higher temperature to the other at lower temperature, tilFthe said 
difference is equalised. This transference of heat is effected by one or more of 
three distinct methods, known as conduction, convection and radiation. In the 
subsequent sections we shall confine ourselves to an introductory discussion of 
these three fundamental methods of heat propagation. 


212. Thermal conduction. 

If one end of a metal rod is held by hand and its other end is heated, it is 
our experience that the part of the rod one is holding becomes hotter and hotter, 
though this part has not been directly heated, By some means heat has passed 
from the hotter to the colder end. It is obivous that during this process, no 
transference of the particles of the rod from the hotter end to the colder end 
takes place. Such transfer of heat through a substance without any detectable 
motion of the particles of the substance is called conduction, 

A simple explanation of the phenomenon can be put forward from the 
kinetic theory of matter, When a particular region of a substance is heated, the 
molecules in that region vibrate with increased violence without changing their 
mean positions. As they collide with the more Slowly vibrating molecules in 
the adjacent regions, some of their energy of motion is passed on to these 
neighbours, which, therefore, begin to vibrate more vigorously about their mean 
positions. These molecules in turn excite Breater vibrations in their next 
neighbours. In this way the energy cf thermal motion (heat) is transferred 
through. the substance from one molecules to the next until the remote end 
is reached. Thus, in conduction through a substance, thermal energy is passed 
from molecule to neighbouring molecule, no bodily movement of the molecules» 
themselves being involved. ` 

The ability to conduct heat varies from substance o substance. Those 
substances through which heat can conduct easily from one region to other are 
known as good conductors ; on the other hand, those through which heat cannot 
conduct easily from one region to other are known as bad conductors (or good 
insulators). 

In general, metals are very good conductors of heat. Silver is the best 
conductor of heat, the next in order of its ability being copper, Metals are also 
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known to be good conductors of electricity, which is ascribed to the presence of 
a large number of so called “free electrons" inside them. These electrons are 
free in the sense that they have become separated from their parent atoms ; 
inside the metal, they move about randomly like molecules ofa perfect gas, 
Along with molecules, the free electrons also take part in the process of conduc- 
tion of heat. This is the reason why metals are such good conductors of heat. 

Substances such as cork, wood, cotton, wool, felt etc., are bad conductors of 
Heat. Consequently these are used as good insulators. Liquids, in general, 
are bad conductors ; mercury isan exception. Gases also are very poor con- 
ductors of heat. 


Demonstration experiments. 


(1) To show that copper isa good conductor of heat, we can device an 
experiment based on the action of copper gauge on flames. -When a wire 
gauge is held just above a Bunsen flame, the 
flame does not pass through the gauge but 
becomes confined in the portion below the 
gauge (Fig. 21:1 (a)) This effect can be 
attributed to the fact that copper is a 
very good conductor. The inflammable 
gas burns only when its temperature reaches 
a certain value, known as its ‘ignition 
temperature. The copper wire of the 
gauge being good conductor, the heat 
received by it from the flame is quickly 
conducted through it, so that the temperature 
of the gas above the gauge remains below 
the ignition temperature, à 

The flame is now put off and the gauge is held about 3 cm. above the burner, 
The gas above the gauge is then lighted when it is found that the flame continues 
to burn only above the gauge [Fig. 21:1 (b)) This time the wire-gauge being a 
good conductor prevents the temperature of the gas below the gauge from 
reaching the ignition temperature. These experiments may also be performed 
with an iron gauge, although not so satisfactorily. 

! 2) The difference in the abilities of two 

RE Y a doko E to conduct heat can be illustrated 
by the following experiment. A thin pieec of 
paper is wrapped once around a Composite 
rod, one half of which consists of wood (a bad 
conductor) and the other half of copper 
EL (a good conductor), as shown in the Fig, 21:2. 

Fig. 21:2: Different substances When held over the flame of a burner, the 
conduct different amount of heat ` portion of the paper would over the wooden 
half begins to burn, while the other portion which is in contact with 
the copper remains quite uneffected. Copper being a good conductor, transmits 


Fig. 21:1: Copper is a good 
conductor of heat 
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the heat received by the paper very quickly into the interior of the metal, while 
wood, being a poor conductor cannot conduct heat in the same manner. Con- 


Fig. 21:3: Water is a bad 
conductor 


sequently, in the latter case the paper is heated 
to a high temperature and begins to burn. 

(3) The following simple experiment nicely 
demonstrates that water is a bad conductor of 
heat. A test tube is filled up partly with 
ice-cold water. A piece of ice tied to a piece 
of iron is introduced into the test tube, so 
that the combination sinks to the bottom 
(Fig. 21:3). Now water at the top of the test 
tube is heated by a bunsen flame. It will be 
found that the water at the top boils vigorous- 
ly, while ice at the bottom remains more or 
less unmelted. This shows clearly that very 
small amount of heat can conduct through 


water from the hotter upper portion to the lower colder portion. 


21:3. Thermal conductivity, 


We already know that the ability to conduct heat differs from substance 
to substance, This is expressed quantitatively by introducing the concept of 


thermal conductivity, 


Let us consider the flow of heat from one face to 04 


the other, of a rectangular slab of a substance of 


8. 


2 
thickness d and cross-sectional area A (Fig. 21:4]. S] 

Let us suppose that the whole of the left side of the NN AM 
slab is at a temperature 0, and the whole of the 

right side is at a lower temperature 6,. Under such AREA 
conditions, heat will be -conducted steadily from left A 

to right through the slab. Experiments show that the : 

quantity of heat Q which flows through the slab 9 


perpendicular to its face is 


(i) proportional to the area 4, ~ idi 


(ii) proportional to 
(0 n 6;), 


the temperature difference Fig. 214 


(iii) inversely proportional to the thickness d, 
(iv) proportional to the time of flow ;. 


Thus, Qa A (5%) 


t, 


9-Ka (4) mE. cs Quo 


where K is a constant depending on the nature of the material of the slab, and 


is known as the thermal conductivity. (25 


5 ) denotes the space rate of change 
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of temperature from one point to another within the slab and is known as the 
temperature gradient. 

This equation for the conduction of heat through a substance holds provi- 
ded no heat is lost from its sides. 

If A—1, d=1, (0,—0,) —1, t—1, we have from eqn, (21:1), Q—K, 

Thus the Thermal conductivity of the material of a substance is numerically 
equal to the quantity of heat that conducts in one second normally through a slab 
of unit length and unit area, the difference of temperature between its end faces 
being one degree. 

In C.G.S, system, the unit of thermal conductivity, as obtained from eqn. 
(21:1), is cal. em. 7! sec.-* degree C- while in the F,P.S. system, the corres- 
ponding unit is B. Th. U. ft." sec"? degree F, 

The statement that the rermzl conductivity of silver is 0:97 C.G.S. unit, means 
that siver allows a flow of heat of 0:97 calorie per sec., from one face to the 
opposite face of a unit cube, when the difference of temperature between the two 
faces is 1?C. 

It is obvious from the above discussion that a material for which K is large, 
is a good conductor of heat ; on the other hand, if K is small, the material is a 
poor conductor, For a perfect conductor K— cc, and for a perfect non-conduc- 
tor K=0. No material is, however, found to possess either of these two ex- 
treme values of conductivity. 

Thermal conductivity of a substance is found to change slowly with tempe- 
rature ; for solids and liquids, conductivity decreases with increase in tempera- 
ture, while for gases an increase in the value of the conductivity takes places. 

Thermal resistance: From eqn. (21:1), the amount of heat flow due to 
conduction per second may be written as 


Td 
8/t—(0, — 0. EUN 
ba NP A K'A 
This can be compared with the expression for current flow as obtained from 


Ohm’s law, viz. 
Vavi Esa 
R pl|A 
where, (V,—V,) is the potential difference between the ends of a conductor of 
resistance R, length / and area of cross-section A. p is the specific resistance of the 


i= 


material of the conductor. So from this analogy we can call HI 4 as the 


thermal resistance of the slab. 
21:4, Comparison of thermal conductivity. 


A simple experiment developed by Ingenhausz is useful in comparing the 
conductivities of different solids. The apparatus (Fig. 21:5) consists of a trough, 
one face of which is provided with a number of holes. A number of rods of 
different materials uniformly polished and having the same length and diameter 
are introduced into the trough through corks fitted in the holes, The portion of 
rods projecting outside the trough are coated uniformly with wax. The trough 


p-1/30 
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is filled with water maintained at the boiling point. After some time it is noticed 
that the wax has melted to different distances along the rods showing the diffe- 
rences in their thermal conductivities. 

In can be established theoretically that in the steady state the thermal con- 
ductivities of the different rods are pro- 
portional to the squares of their respective 
lengths upto which wax. has been 
melted, Thus, if Kj K,, K3:--, etc. 
represent the conductivities of the rods 
and dsla Js, eic. are the lengths of 
the melted wax, we have K: K;: 
Kg ect... Š 
Fig. 21:5: Ingenhausz's experiment Hence by measuring the lengths to 
which wax has melted, conductivities of different substances may be compared. 


215, The variable and the steady state: Diffusivity 


Let us consider a metal bar, one end of which is heated by introducing it in 
a constant temperature bath as shown in the Fig. 21:6. Evidently, heat will 
flow through the adjacent layers A, Band C along the length of the bar. 
Heat received by the layer B from its preceding layer A is spent up in three ways 
viz., (i) & portion is absorbed by the layer B producing a rise in its temperature, 
(ii) a protion is lost by radiation from the surface of the layer B and by convec- 
tion of the surrounding gas, (iii) the remaining portion is transferred io the 
next layer C. This is true for every layer of the bar. Such situation persists 
for some time and the bar then said to be in variable state. 

But with the passage of time, a stage is reached when it is found that the 
temperature of each section of the bar becomes constant i.e. steady ; the tem- 
perature ofa section is found to be diminishing with its distance from the 
hottest end. The bar is then said to be in steady state. The constancy of the 
temperature of each section of the bar in such state indicates that no heat is 
being absorbed by the section. 

From the definition of the thermal conductivity, it follows that the amount 
of heat which reaches a section of the bar depends on the value of the conductivity 
of its material : in the variable state, a fraction of this amount of heat is absor- 
bed by the section and corresponding rise 
in its temperature depends on the value 
of the specific heat of the material, 
Hence, in the variable state, the rate of 
tise of temperature depends upon both 
the thermal conductivity and the specific 
heat of the material of the bar. In the 
steady state, no more absorption of heat 
takes place so that the flow of heat along the bar is determined solely by its 
thermal conductivity. Due to this reason, all measurements of thermal 
conductivity are carried out only after attainment of the Steady state. 


Fig. 21°6 
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If K be the conductivity, s the specific heat and p the density of a substance 
then it can be shown that the rate at which temperature rises in the initial varia- 
ble state is determined by the ratio 


KiS thermal conductivity 
ps thermal] capacity per unit volume 


This ratio is called the diffusivity or the thermometric conductivity of the 
substance, 


For example, for iron p=7°8 gm. per c.c., s—0-11 and so ps=0'86 ; since 
K=0'16 C.G.S. unit, the diffusivity for iron—0:19 C.G.S. unit. For lead, 
p=11'4 gm. per c.c., s=0:03 and hence ps=0:34 ; as K—0:08 C.G.S. unit, the 
diffusivity for lead —0:24 C.G.S. unit, Thus although the conductivity of lead 
is less than that of iron, its diffusivity is greater and consequently under the 
identical conditions of heat flow, the temperature of different sections ina lead 
bar rises more rapidly than in an iron bar. This can be easily demonstrated by 
the Ingenhausz’s, experiment described before. It is found that at the beginning 
of the experiment i. e., before the steady state is reached, wax melts at a faster 
rate alonga rod oflead than alonga rod of iron. But finally at the steady 
state, wax melts through a greater distance on the iron rod due to its larger 
thermal conductivity. 


21-6. Measurement of the thermal conductivity of a metal by Searle’s 
method, 


A bar AB of the metal under investigation is taken and polished. The end 
A of the bar is surrounded bya chamber through which steam is passed 
[Fig. 21:7]. Near the other end B is wound a spiral of copper tubing through 
which a stream of 
water is passed at a 
constant rate, The 
temperatures of the 
incoming and out- 
going water are 
recorded by the 
thermometers — T, 
and T, respectively. 
Two small holes at 
a distance say, d, 
apart are drilled in STEAM 
the’ "metal “bat. Fig. 21-7: Searle’s apparatus 
Thermometers 7, 
and 7, are introduced in the holes to measure the temperature gradient. 
Little mercury is poured in the holes to ensure good thermal contact with 
the bulbs of the thermometers and the metal bar. To prevent loss of heat from 
the sides of the bar, it is surrounded by dry felt and enclosed in a wooden box 


not shown in the figure, 
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When the end A is heated by passing steam through the chamber, heat is 
conducted along the length of the bar. The readings of the thermometers 7, 
T, will rise. The heat reaching the end B is carried away by the stream of water, 
The consequent rise in temperature of the outgoing water will be indicated by 
the thermometer T,. Soon the steady state will be reached when all the ther- 
mometers will indicate steady readings. The temperatures are all recorded, 
The mass of water flowing per second is also measured. 

Let 0, and 0, be the steady temperatures recorded by the thermometers 7, 
Te. Since they are placed at a distance d apart, 


0—0 
d 


the temperature gradient= 


If Q be the heat flowing per second across any cross-section of the bar, then 
0—0 
ara EE 

where A is thë cross-section of the bar which is measured and X is thermal 
conductivity of the material of the bar. 

Let m be the mass of water flowing per second and 6,, 6, be the tempera- 
tures of the outgoing and incoming water respectively. ; 

Then, since at steady state, 

Heat flowing per sec.=Heat absorbed by the stream of water per sec, 

& Q=m(0— 04) 


or, KA acr om (05—64) 
Ku m(05—0,)d 
A(0, —0,) 


Hence the value of K can be found. It Should be noted that the method is 
not suitable for bad conductors: 


Example 21:1. An iron plate 2:5 cm. thick has a cross-sectional area of 
1000 sq. cm. One side of the plate is maintained at 100°C., while the other side 


is at 80°C. How much heat is transmitted per second? (Thermal conductivity 
of tron=0'16 cal. sec.7* degree C~ cm.71). 


Solution: Since K=0:16 unit, 4—1000 s 
a pA q. cm., (0,—6,)-=(100—80)= 
20°C., d—2:5 cm,, we have from eqn, (21:1), Ea 
0°16 x 1000 x 2 ; 
Q= ot =1280 calorie per sec. 
Á Example 212. A plate of nickel 4 cm. thick has a temperature difference of 
32°C. between its faces. It transmits 110 calorie per sec. through an area of 
100 sq. cm. Calculate the thermal conductivity of nickel . 


Solution; We have Q—110 calorie, 4—100 sq. cm.. (6 DUE 
E i i» -—Ó0 wm 32C LE d= 
4 cm. and ¢=1 sec, We get, therefore, fom eqn, (Oba) es 
Km lt AYP 10x4 | 9.139 cal, sec.-! degree C,-! cm.-} 
»—8)/d 100x32 MUS ^. 00: y 
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Example 21:3. A glass tank 30 cm. long and 15 cm. wide contains ice at 
0°C. Find the mass of the ice which melts per minute, when the tank is immersed 
to a depth of 10 cm. in a water bath at 30°C. The thickness of glass is 4 mm. and 
the thermal conductivity of glass is 0:0025 c.g.s. unit, Latent heat of ice=80 
callgm. 

Solution: Area of ‘he tank in contact with 30°C, water 

A=2 (30+ 15)x10+430x 15 
—1350 cm? 
Temperature difference (0,—0;) = 30°C. 
Thickness of glass d=0'4 cm. 
Time t=] min.=60 sec. 
Conductivity =0°0025 c.g.s. unit 
Let m gm. of ice melts in 1 min. 


nix üQss 0:0025 x 1350 x 30 x 60 
0:4 

whence, m=189'9 gm. 

Example 21:4. One endof a copper rod of uniform cross-section and of 
length 2 metre is in contact with ice and the other end is introduced into a bath 
maintained at 100°C. At what point along its length should a temperature of 
200°C. be maintained, so that in the steady state the mass of ice melted is equal to 
that of steam produced in the same interval of time. Assume that whole system is 
insulated from the surroundings. 

Solution : In an interval of ¢ sec., let the mass of ice melted be m gm. The 
heat necessary for this=m x 80 cal. Since the mass of steam produced is also 
m gm., the required heat=m x 540 cal. 

Let the distance between the end of the rod in contact with ice and the 
point where the temperature is maintained at 200°C. be x metre. If K be the 
conductivity of the material of the rod and 4 its cross-section, then 

mx 80= KAl200—0)' ang mx 540 KAQ00— 100. nid 
x =x 
Ete 540 xx 100 Wieso s 
Dividing, we get 80 = =x) x20 ; «4. x=1-86 metre. 

bxample 21:5. Jn an Ingenhauz's experiment, wax melted over 15 cm. of 
copper rod and 6 cm. of iron rod. What is the conductivity of iron, when the 
conductivity of copper —0:90 c.g.s. unit ? 

Solution: Length ofthe wax melted over copper rod /,—15 cm. 

Length ofthe wax melted over iron rod /,—6 cm. 

Conductivity of copper K,=0°9 c.g.s. unit. 

Let Ką be the conductivity of iron. 


P d x0:9—0:144 c.g.s. unit. 
15? 
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21-7. Practical applications of thermal conduction. 


Good conductors have their wide uses. (a) Copper and aluminium pans are 
much used for cooking utensils, since heat is conducted most rapidly through 
these metals. Boilers are, for this reason, often made with copper. 

(b) Davy’s safety lamp (Fig. 21:8) used widely in mines is an example in 
which the high conductivity of metal has been utilised. It consists of a simple 
oil lamp completely surrounded by a cylinder of wire gauze. Any combustible 
Bas, if present inside the mine penetrates the gauze and 
comes in contact with the naked flame. The gas thus 
burns inside the wire gauze. But due to its high 
conductivity the gauze conducts away the heat 
developed so quickly that the temperature of any 
portion of it and hence of the gas outside the lamp 
never reaches ignition point of gas. Thus the outer gas 
does not burn and the safety of the miners is ensured. 
Moreover, the presence of any combustible gas within 
the mine can be detected by the colour and the nature 
of the flame, 


Fig. gis 3 Davy’s /— very useful in our everyday life. These are used as heat 
MEE insulators. (i) Fibrous materials such as felt or asbestos are 


two shirts, The reason is quite obvious ; for two shirts, a layer of air being 
trapped in between them, the flow of heat by conduction from the body to the 
surroundings is prevented to a greater extent and the person feels more warm. 


to the sun and hence remaining at the same temperature. If one now touches 
them alternatively, the iron is felt warmer than the wood. Iron heing a good 
conductor conveys heat very quickly from it to the observer's hand ; thus a 
sensation of warmth is experienced by him, But wood beinga poor conduc- 
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tor is felt comparatively cold for it conveys less heat to his hand. Just the 
reverse happens if the two pieces are kept outside a room in cold night. In that 
case, their common temperature is less than that of the hand, But the iron 
conducts heat more efficiently than the wood. Hence the iron piece is felt 
colder than the wood piece. 


21:8. Convection ; Convection current. 


In a preceding article, we demonstrated that water is a poor conductor 
of heat. But our common experience seems to contravene this fact when 
we see that ifa kettle filled with water is placed on a stove, water gets quickly 
heated. In this case, however, heat is transmitted through water mot by con- 
duction but by the second method of heat transmission, known as convection 
Water in the bottom of the kettle becomes hot before any other part, and its 
density, therefore, diminishes compared to the water above it. Consequently, 
warmer and hence lighter water rises to the top and the cooler water sinks to 
replace it. This, in turn, is heated and rises. Ultimately, the whole mass of 
water gets heated quickly. Thus in this process, the motion of water itself is 
responsible in transmitting heat through it. This process is primarily responsible 
for the transference of heat through liguids and gases although majority of 
them are bad conductors. Hence, 


. the process of transmission of heat from one place to other by the actual mass 
movement of the heated particles of a liquid or gas is known as convection. 
Convection can not take place in à solid due to the reason that the consti- 
tuent particles are not free to move. - 


It follows that in the process of convection, hotter portion of the fluid being 
lighter ascends while the colder portion being denser descends. This circulatory 
movement of the fiuid is called convection current. Obviously, by this process 
heat can be transferred through a fluid only in the upward direction not in the 
downward or lateral direction. It should also be noted that in a place where 
force of gravity is zero, this process of heat transfer would cease. 


Demonstration Experiment. 


(1) In liquids, the convection current can be illustrated 
by dropping some crystals of potassium permanganate 
gently in a flask containing water. The flask is then 
heated from beneath by a burner. Convection current will 
be set up in water as shown in the Fig. 219; the 
current is rendered visible by the colour imparted by 
permanganate to the water. 

(2) In gases, the convection current may be 
demonstrated by the following simple experiment. The 


apparatusconsists of two wide glass tubes fitted at the Fig. 219 
top of à rectangular wooden box with a removable glass. front 
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(Fig. 21-10]. A candle is lit inside the box beneath one of the tubes, Air 
in the vicinity of the candle flame is heated, gets 


COLDAIR HOTAIR 
lighter and leaves the box through the tube 
| í I above the canule, while cold air enters the box 
4 through the other tube. By holding a piece of 
SE smouldering paper at the top ofthe inlet tube, 
the direction of this convection current will be 
rendered visible by the path followed by smoke 
through the box. 
Fig, 2110 


21:9, Practical examples of convection. 

There are many examples of natural convection in everyday life. Some of 
them are discussed below : 

(1) The whole plan of ordinary ventilation in a room depends upon con- 


vection. The air which we exhale is warmer and consequently lighter, This 
lighter air moves up and escapes 


through the ventilators while cool and sey << SEA BREEZE 
fresh air from outside rushes into the - Eita x 
room through windows or doors. LAND WARM ———= 


' (2) Land and sea breeze: At places 
on the coast, cool air from over the 
sea generally blows towards the landas (bj: 
sea breeze during the day, while at 
night the cool air, as a [and br eeze, blows Fig. 21:11: Sea breeze and 
from the land to the sea [Fig. 21-11]. land beceze 
These are local convection currents in the atmosphere, 


breeze. 

(3) Trade winds: The wind currents Over the earth is attributed mainly to 
convection. It is produced when warm air in the equatorial region rises 
and cold air from the polar regions moves towards the equator, Owing to the 
rotation of the earth from west to east, the direction of the wind flow is 
influenced and as a result, in the northern hemisphere, the wind moves 
roughly north-east and in the southern hemisphere, the wind moves roughly 
south east. These winds are called the north-east trade wind and the south-east 


tread wind respectively. 
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(4) The domestic hot water supply system widely used in cold countries 
provides an application of convection current, On being heated, water in the 
boiler B { Fig. 21-12 } rises through a pipe 
P, to the upper part of a hot water storage 
tank C, while the colder and denser water 
from C flows through the pipe P, to the 
bottom of B whenit is heated up in turn. 
Thus, a circulation of water is set up and it 
continues until the water in C is fully 
heated. When hot water is drawn off from 
the tap T, an equal volume of water from 
the cold water reservoir R flows into the 
hot water storage tank C at the bottom 
through the pipe D. The water level in the 
reservoir is maintained by a supply from 
the mains through an automatic stopcock S. 
Thus a constant supply of hot water can 
be obtained from this arrangement. Fig. 2112: Domestic hot 

Dissolved air comes out of water on water supply system 
heating and may cause air locks in the pipes. The system must be so designed 
that the flow of water is not impeded by such air locks. Consequently, an 
expansion pipe E is provided for allowing the air to escape. It also serves the 
purpose of safety precaution. If due to overheating the water boils, steam 
and hot water are discharged safely through it to the cold water tank. 


21:10. Radiation, 

When we sit besides an oven we feel warm, In this case heat reaches us not 
by conduction or convection, Air beinga bad conductor of heat, allows little 
heat to pass through it and at the same time little convecuon takes place in the 
lateral direction as explained earlier. Here the process by which heat is trans- 
ferred is called radiation. 

Actually the transfer of heat by radiation does not require any material 
medium at all. In vacuum electric lamps, the heat emitted by the filament 
traverses the space between the filament and the glass, though there is vacuum 
inside the bulb, The heat from the sun which reaches the earth is transmitted 
across 149 million kilometre of space most of which is empty. Moreover, * 

hile passing through the earth’s atmosphere does not 


radiant heat from the sun, w s e e 
heat it ; otherwise the atmospheric temperature should increase with altitude, 


which is not the case. Hence 
Radiation is the name given t 

one without the help of any me 

intervening medium, if any. 

2111. Radiation as a form of energy. 
We know that heat is a form of energy and is identified with the motion of 

molecules. Transference of heat by radiation, therefore, implies transference of 


o the transfer of heat from a hot body to cold 
dium and without appreciable heating: of the 
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energy from one body to another, Actually the word ‘radiation’ is used 
synonymously to the process of transfer of heat in this particular way, as well as 
to the stream of energy flowing out from the emitter. Radiation differs from 
the other two methods of heat transfer, viz, convection and conduction, in 
that it does not require the presence of any material medium and hence does not 
involve direct transfer of molecular motion. Radiant energy in the process of 
transfer does not manifest itself until it falls on a body which absorbs it and 
gets warmed by converting it into heat with a resulting increase in the motion 
of its molecules. The question that naturally arises is—what is then the nature 
of radiant heat ? 

It has been conclusively established that radiant heat is of the same nature as 
light. It behaves in every respect as light except that it does not produce the 
sensation of vision. Like light, radiant heat is a transverse wave and travels 
with the same velocity as that of light. These waves are called electromagnetic 
waves. There is, however, an important point of difference. The wavelength 
of radiant heat is larger than the red part of the visible spectrum. Hence the 
radiant heat is also called infra-red radiation, The wavelength of infra-red raye 
varies between 7:5x 10-5 cm. to about 3x 10-2 em., while the wavelength of 
visible light lies in the range of 3:8 x 10-5 cm, to about 7:5x 10-5 cm. 

It is now known that radio waves, ultraviolet rays, X-rays and y-rays are all 
electromagnetic waves, one differing from the other only in wavelength, 
Radiowaves have larger wavelengths than infra-red. rays ; the wavelengths of 
ultraviolet rays are smaller than those of violet part of the visible light ; those 
of X-rays and y-rays are still smaller, decreasing in that order. In general, the 

j term ‘radiation’ includes this entire family of electromagnetic waves. However, 
as the infra-red rays falling on, our skin gives the sensation of warmth, radia- 
tions in this range are called thermal radiation or heat radiation. 


21:12. Detection of radiant heat 

Various instruments are used to detect and measure radiant heat. Of those 
only two are described below which are used chiefly for demonstration purposes. 
Description of accurate quantitative instruments is beyond the scope of this book. 


(1) . Thermoplle : . This instrument renders radiant heat measurable by 
converting it into electrical energy, It is constructed by connecting a number of 


— 
RAD, 
A B A VANT 
REAT 
ELSA 
HOT @ D . (b) 


Fig. 21:13: (a) Thermocouple (b) Thermopile 


thermocouples in series. A thermocouple is the name given to two unlike metal 
wires, say A and B, joined together at their ends (Fig. 21:13 (a)]. When one 
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junction is kept at higher temperature than the other, a small electric current 
flows in it which is detected by inserting a sensitive galvanometer G in the 
circuit. Usually antimony and bismuth are used in a thermocouple for their 
ability to show the effect toa marked degree. The use ofa large number of 
thermocouples in a thermopile is just to magnify the effect. Ina thermopile a 
number of antimony and bismuth rods, insulated ftom one another by mica 
foils, are soldered in pairs at their ends (Fig. 21-31 (b)). The whole is mounted 
within a brass cylinder and a sensitive galvanometer is connected to the free 
ends. The ‘hot’ junctions are blackened and exposed to radiation, while the 
‘cold’ junction are covered with a highly polished metal cap. The galvanometer 
registers the electric current flowing through the circuit. The blackened face is 
provided with a conical shield to protect it from stray radiations. 

(2) Bolometer: Electrical resistance of a platinum wire changes markedly 
with the change of temperature. In a bolometer AP 
two similar thin strips of platinum [ Fig. 21:14 ] 
are connected to the opposite arms of a Wheatstone 
Bridge, One of them is blackened and exposed 
to radiation. The other is shielded from radiation 
and designed to compensate for fluctuation in the 
resistance due to change in room temperature. The 
amount of radiation incident on the blackened strip 
is estimated from the measurement of the change in its resistance by means 
of the Wheatstone Bridge. 


21:13 Properties of thermal radiation, 

As stated earlier, the radiant heat has many properties in common with light. 
These are summarised as follows: — 

(1) Radiant heat travels through vacuum with the speed of light. The follow- 
ing phenomenon provides a simple evidence of this fact. The radiant heat and 
light from the sun are cut off simultaneously by the moon during a solar eclipse. 
They also reappear at the same instant when the eclipse is over. 

(2) Radiant heat travels in straight lines. When an object which is opaque 
to radiant heat is placed in front of a hot body of small size, it casts a sharply 
defined shadow. The boundary of the shadow can be traced with a thermopile. 
This is the reason why less heat is felt in the shadow of a tree ; the tree cuts off 
light as well as radiant heat from the sun. 

(3) Radiant heat obeys inverse square law. The intensity of radiation at a 
point is the amount of radiant energy falling per second on unit area surround- 
ing the point. The inverse square law states that the intensity of radiant energy 
at a point varies inversely as the square of the distance of the point from the 
source, That radiant heat obeys this law can be demonstrated simply with a 
thermopile and an ordinary electric bulb. When the distance between the ther- 
mopile and the bulb is doubled, the deflection of the galvanometer is reduced to 
a quarter of its previous value. As th galvanometer deflection is proportional 
to the intensity of the radiant heat incident on the thermopile, the conclusion 


follow- immediately. : 


Fig. 21-14: Platinum strip 


—_—_ 


464 ELEMENTS OF HIGHER SECONDARY PHYSICS 


(4) Reflection of thermal radiation. Radiant heat is reflected from polished 
metal surfaces, whether plane or curved, obeying the laws of reflection like 
light. This may be demonstrated by the 
following simple experiment, Two con- 
cave mirrors are placed, as shown in the 
Fig. 21-15, with their reflecting surfaces 
facing each other. A burning candle is 
n placed at the focus of one so that the heat 

Fig. 2115: Reflection of rays are reflected by it into a parallel 
thermal radiation i í 
beam. On reaching the second mirror 
these rays are reflected and brought to focus at T. When a thermopile i: 
placed at T the galvanometer shows maximum deflection. On removing th: 
candle, the deflection is reduced to zero, 

If a concave mirror is held facing the sua, the incident heat Says converge t 
its focus. A piece of paper held at the focus begins to burn in a few second 
In medieval times, this method was utilised to set the enemy fleet ablaze wi 
the help of large metallic concave mirrors. 

(5) Refraction of thermal radiation. Radiant heat may be refracted in the 
same manner as light. It is evident by the fact that an ordinary lens refracts 
the sun rays and brings them to 4 point very close to its focus and that a piece 
of paper placed at this point is ignited by the condensed heat rays. A more 
pronounced effect is obtained if a convex lens of rock-salt is used, because rock- 
salt is much more transparent to the radiant heat than glass. 

Other phenomena associated with light viz., interference, diffraction, 
polarisation, photoelectric effect, photographic action, scattering etc., are also 
exhibited by radiant heat. All these lead to the conclusion that radiant heat is 
of same nature as light. ! 


2114, Emission and absorption of radiation, 


The rate at which a body radiates heat depends ón its temperature and on 
the nature of its surface. The rate of radiation is found to be smaller at lower 
temperature and increases rapidly with rise in temperature. For the same 
temperature, blackened surfaces are found to be most efficient radiators polished 
surfaces being least efficient. 


At lower temperatures it is observed that the radiation from a body consists 
mainly of waves of longer wavelengths. As the temperature is increased, the 
radiation becomes richer in waves of shorter wavelengths. Thus, when a body is 
heated, we find that it begins to radiate heat energy i.e., infra-red waves and.no 
visible glow is observed, As its temperature is gradually increased to higher and 
higher values, it begins to glow becoming, at first, red hot and then white hot. 
If the temperature can be raised still further, the body appears blue hot, This 
explains the reason for which the stars Sirius and Vega appear blue. 

When radiant heat falls on a body, one part is reflected, another part is 
absorbed, while the rest is transmitted through the body if it is transparent to the 
incident radiation, If a body transmits all the incident radiant heat, it is said to 
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be diathermanous i.e. transparent to the radiant heat. On the other hand if a 
body does not transmit any incident radiant heat, it is adiathermanous i.e 
opaque to radiant heat. For example, water is adiathermanous while rock-salt 
and quartz are diathermanous. Ordinary glass transmits radiant heat of shorter 
wavelengths but is opaque to the rest. 

If a body absorbs larger fraction of the incident radiant heat, then it is 
obvious that smaller fraction of the incident radiation will be reflected. Thus a 
good absorber is a poor reflector of radiant heat. From similar reasoning, it 
follows that the converse is also true. It can also be shown that good radiator 
are also good absorbers and vice-versa. Hence a-good radiator is a poor reflector 
Similarly a poor radiator is a good reflector. So it is found that blackened 
surfaces are best absorber and worst reflector of heat. The reverse is true for 
a polished surface. Ifa metal surface is made rough then it becomes a bad 
reflector ; hence it is a good absorber and radiator of heat. 

Demonstration Experiments: (a) The above facts can be demonstrated 
simply with a Leslie's cube which is a hollow metallic cube filled with boiling 
water. Two vertical sides of the cube are coated with lamp black and white 
paint respectively. The third side is left untreated and the fourth is polished 
brightly. A thermopile T connected 
to a sensitive galvanometer G is placed 
at a suitable distance from the Leslie's 
cube C [Fig. 21°16]. By turning the 
cube, each side may be presented to 
the thermopile. The deflection of the c 

: galvanometer gives a measure of the Fig. 21:16 

radiation emitted from the surface. It is 

found that the lamp black surface produces the largest and the polished surface 
produces the smallest deflection. The deflection corresponding to the dull 
untreated surface and the white surface lie in between, that produced by the 
former being larger. This shows that the lamp black surface is the best radiator, 
next in order being the dull surface, the white surface and the polished surface. 
Polished metallic surface is, therefore, the poorest radiator. 

(b) To show that good radiators are good absorbers and vice versa, two 
copper plates P, and P, are placed at 
equal distance on each side of a Leslie’s 
cube as shown in thé Fig. 21:17. Each 
face of the cube C is painted white. 
The copper plate P, is covered with lamp 
black, while P, is brightly polished. 
The temperature of each plate can be 
measured with a copper-constantan ther- 
mocouple. It is found that the tempera- 
Fig. 21-17 ture of P, is greater than that of Pp. 
absorber of radiant heat than 


This shows that lamp black surface is a better 
a polished surface. 
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Perfectly black body: A perfectly black body is one which absorbs all the 
incident radiations without reflecting or transmitting any part of it. Lamp black 
and platinum black provide nearest approach to such a body, absorbing 
respectively about 96% and 98% of the incident radiation. 

A perfectly black body can be realized in practice by a small hole in the wall 
of a hollow body which is at uniform themperature (Fig. 21:18). Any radiation 

7 entering the hollow body through the hole 
suffers a number of reflections and ultimately 
gets completely absorbed. This is facilitated 
by coating the interior surface with black, so 
that about 96%, of the radiation is absorbed 
at each reflection. The portion of the interior 
surface opposite to the hole is made conical 
shaped to prevent any radiation incident 
along the axis of the hole from going out of 

Fig. 2118: Black body the enclosure after reflection. Thus, the hole 
behaves like a perfectly black body. This is known as Fery's black body. 

Since a black body serves as a perfect absorber of radiations of every 
wavelength, it must also be a perfect emitter of radiations of all possible 
wavelengths. Radiation emitted by a perfectly black body is, therefore, called 

total radiation or black body radiation.  Fery's black body is widely used in 
experimental works to obtain such radiation. 


2115. Prevost's theory of exchange. 

According to the idea of Pre'vost all objects, whether hot or cold, are 
continually emitting thermal radiation. At the same time they are also receiving 
radiation from their surroundings. The amount of heat radiated by a body 
increases with its temperature and is not affected by the presence of neighbouring 
bodies. When a body emits more radiation than what it receives from the 
surroundings, it cools. Conversely, it warms up when it receives more radiation 
than that it emits. At equilibrium, when rate of emission equals rate of 
absorption, the temperature of the body remains constant. Thus, even at 
equilibrium, an exchange of radiation continues. 

21:116. Some practical applications of emission and absorption, 

The nature of emission or absorption of radiation by a surface has a number 
of practical applications, some of which are cited below : 

(i). For rapid heating, the cooking vessels should preferably be painted 
dull black outside so as to increase its absorbing power. On the other hand, 
the outer surfaces of tea pots, calorimeters etc. are brightly polished or silvered 
to minimise radiation loss. 

(ii) In hot countries people keep cool by wearing light-coloured clothes 
and living in white painted house. This reduces the amount of heat absorbed, 
because white is a good reflector and therefore a poor absorber of radiant heat. 
On the other hand, black clothes and dark coloured houses are preferred in the 


cold countries. 
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(iii) Space crafts have highly polished surface to reflect away the radiated 
hat from the sun. The firemen wear garments with highly polished surfaces ; 
the heat from the fire is reflected and not absorbed. This enables the firemen to 
keep relatively cool and to approach the fire. 

(iv) A cloudy night is found to be warmer than a clear night. This is due 
to the fact that cloud being practically opaque does not allow radiant heat from 
the earth's surface to escape into space. 

(v) In colder countries, glass-walied House are constructed to preserve the 
vegetations during the winter season. These are called greenhouses, which 
serve as effective heat-traps. Radiations from the sun being stronger in shorter 
wavelengths are transmitted by glass so that the temperature of the objects 
inside the greenhouse is raised. As this temperature is not high, the radiations 
emitted by them is richer in longer wavelengths which are not transmitted by 
glass. Hence heat from the inside of the greenhouse cannot escape by radiation 
so that the temperature inside remains greater than temperature outside. 


2137. Stefan’s Law. 

The law regarding the relation between the radiant heat emitted by a hot 
body and its temperature was first guessed by Joseph Stefan in 1879, following a 
study of some experimental results. It asserts that the total radiation E of all 
wavelengths emitted per unit time per unit area of a perfectly black body is 
proportional to the fourth power of its absolute temperature T. This is known as 
the Stefan's law. Thus j 

Ec T* 
and hence E—cT* us E t (21:2) 
where the constant of proportionality o is known as the Stefan’s constant. The 
value of o is about 5:7 x 1075 erg/em.?/sec./°K*. 

Stefan’s law was later theoretically proved by Ludwing Boltzman in 1884. 
The law is now generally known as the Stefan Boltzman law. 

If a black body is in equilibrium with its surroundings at a temperature Tọ, it 
will emit energy at the rate of oT,* per unit area. Hence it must be absorbing 
heat from the surroundings at the same rate. If the temerature of the black body 
is now raised to T, while the temperature of the surroundings remain at Tọ, the 
rate of absorption of heat per unit area will still be cT,* but the rate of emission 
now becomes oT* per unit area. Hence the net rate of loss of heat per unit 
area by radiation is 

=o(T'—Ty*) ies ig 45:30 QES) 

This also holds when the black body being at a lower temperature gains heat 
from the surroundings. This is another formulation of Stefan's law. Obviously 
eqn. (21:3) holds when a bo y is gaining or losing heat by radiation only, the 
other methods of heat transference being absent, 

Approximation from Stefan's law : If the temperature T of a black body 
radiator is slightly higher than the temperature T, of the surroundings, then 
putting T— Ty -- x, where x is assumed to be very small, we get, 
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E=o(T*—Ty4)=o[(To+x)*—T'o)] 
=o (Tot +47 58x + 67 92x? + 4T yx? + x*— Ty!) 
=4o0T 5x (neglecting higher powers of x) 
—Kx-K(T—T,) 
where K-4oTj is a constant. 
Thus, for small difference of temperature, heat lost per second by a black body 
due to radiation is proportional to the difference in temperature of the body with 
‘the surroundings. This is known as Newton's iaw af cooling. 


2118. Applications of Stefan's law. 


(1) Measurement of high temperature: Stefan's law is widely used for 
measurement of very temperature with the help of instruments called radiation 
pyrometers. Such pyrometers need not be placed in contact with the body whose 
temperature is being measured ; hence there is no upper limit to the range of 
temperature measureable with such pyrometers. However, in such measure- 
ments, we assume the body to be perfectly black which is not always so. Thus, 
the measured temperature will be less than the actual one. 


In Fery's radiation pyrometer (Fig. 21:19) the radiation from the source 
entering from the right is focussed by a concave mirror M through the 
diaphragm D on a blackened plate P, 
known as receiver. The position of the 
mirror can be adjusted to achieve 
accurate focussing, which is judged by 
viewing the image of the source 
through an eyepiece E placed behind 
a hole in the mirror M. Ths receiver 
isattached to one junction (hot) of 
a thermocouple, The other junction 

Fig. 21:19; Fery’s radiation pyrometer (cold) is shielded from the radiation by 
T. A millivoltmeter mV is connected to the thermocouple.' The incident 
radiation being absorbed by the receiver heats it up, whence the millivoltmeter 
shows a deflection, 

As the e.m.f. E in the thermocouple is proportional to the intensity of the 
incident radiation, we have from Stefan's law, 

E—a(T,! —1,*) 

where 7, and T, are respectively the temperature of the source aad the 
receiver and a is a constant. The value of b varies between 3-8 and 4:2, being 
constant for a particular instrument, Hence, this pyrometer should be calibrated 
in comparison with a standardised thermocouple before use. 


(2 Temperature of the sun. 

Solar constant: The solar constant is the average. amount of energy which 
will fall in one minute on one square cm, of a black surface held normal to the 
sun’s rays and placed at mean distance of the earth from the sun provided there 
were no absorption in the earth’s atmosphere. This constant can be measured 
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with an instrument known as pyroheliometer and its value is found to be nearly 
1:937 cal./cm.2/min. 

Temperature ofthe sun: Assuming the sun to be a perfectly black body of 
radius r and temperature T, then from Stefan’s law, heat radiated by it per sec, 
is given by Q—4ar/cT*, This radiant heat is distributed uniformly over the 
entire surface area 47R* of an imaginary sphere of radius R concentric with the 
sun, where R is the mean distance of the earth from the sun. Hence from 
definition, the solar constant S is given by, 


4ar?cT* 


Ds a 
UEM S. LI 
95 r- x 


Substitution of known values of R, r, S, and c gives T=5723°K. 


Example 21:6. If the temperature of the sun's surface be 5450°C., calculate 
.the rate at which energy is radiated from each sq. cm. of its surface. Assume the 
temperature of the surrounding space to be0°K. Given, Stefan's constant 
—57 x 107* erg|[sec.[cm-?jdeg. K*. 


Solution : ‘The temperature of the sun's surface 
—5450 +273=5723°K. 


From Stefan’s law, E—o(T'—T,) 


.. Energy radiated/sec./sq. cm.—5:7x 1075 x (57231—0*) erg. 
=5'7 X 10-5 x 57231/4:2 x 10” calorie. , 
=1:455 x 10? calorie. 


© EXERCISE @ 


[A] Essay-type questions. 
1. Discuss the different methods of heat transfer with suitable examples. Indicate the 
fundamental differences among them. : LA A Dd. 
tivity of a substance. plain whether the establishmen 
sadi RI ne eu definition to be applicable. — [ Mode! Questions, H. S. Council } 
What is the unit of thermal conductivity in C. G. S. system ? 
3. Howis heat actually conducted through a body? Describe an experiment to show 
that conductivity varies from substance to substance. à zm m: 
i i i iagram, one experiment in each case to show : (a) that copper 
is bero yore water A bad conductor of heat, (c) that copper is a 
&ood conductor while wood is a bad conductor of heat. i i 
5. What do you understand by the steady and the variable state of heat flow ? - What is 
diffusivity ? What is its difference with thermal conductivity ? 
6. Describe an experiment for the determination of Ais thermal pons uty ah a metal, 
7. Explain the process of heat propagation by convection. What is convection current ? 


Explain how it originates, 


P-1/31 


` 
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8. Describe the experiments for the demonstration of convection current in liquids and 
-~ gases. Discuss one useful application of convection current. 
9, Write short notes on : 

(a) Davy's safety lamp, (b) Sea breeze and Land breeze, (c) Trade winds, (d) Fery's black 
body, (e) Diathermanous and adiathermanous bodies. 

10. Whatisradiation ? State the properties of thermal radiation. Describe one simple 
apparatus by which radiant heat may be detected. 

What do you mean by a ‘perfectly black body ? How is it realised in practice ? 

11. Name the different factors on which the rate at which a body radiates heat depends, 
Describe one experiment in each case to prove the following statements :— 

(a) A black surface is a better radiator than a bright polished surface. 

(b) Good radiators are also good absorbers and vice-versa, 


[B] Short answer type questions, 


1. Explain what is meant by the statement, ‘thermal conductivity of iron is 0:2 C.G.S 
unit’. . 

2. Ifyou touch a piece of iron and a piece of wood lying exposed to the heat of the sun, - 
which one feels hotter and why ? 

3. Two metal bars A and B, of the same size, but of different materials are coated with 
equal thickness of wax and placed each with one end in a hot bath, It is noted that at first the 
wax on 4 melts at a gceater rate than that on B, but that when a steady state has been reached, 


a greater length of wax has been melted on B than on A. Explain, [ C. U. 41] 
4. At what temperature wood a block of wood and a block of metal feel equaily cold or 
equally hot when touched ? ica [ A T. '76] 


5. Two rods 4 and B are of equal length. Each rod has its ends at temperatures 7, and 

Te : What is the condition that will ensure equal rates of flow of heat through the rods A and 
M 3 pind Aes [1.1.T7.°76] 
- ‘wo garments of equal thickness keep the bod. i f 
double the thickness, Why ? w oe. ene 


7. Explain why felt rather than air is used for thermal insulati x 
mal conductivity of air is less than that of felt, ^ AN Vo ee pe 
8. Apiece of paper wrapped tightly on a wooden rod i ere 

: h is found to get charred quickly 
when heid over a flame, compared to a similar piece of paper when aned on a ses rod, 
Explain why, [1.1.7,'74] 

9, Stainless steel cooking pans are preferred with extra copper bottoms, Why ? 

[I.I T.77] 

en its bulb is wrapped with a rag ? 
(i) ether (ii) water ? 

[ Jt. Entrance, '74) 


10. Why the reading of a thermometer is lowered 
What difference will be observed when the Tag is wetted "e 


ture changes ? 


13. By supplying heat at a constant rate bel inei 

i qui : ids ow a metallic pot, the water i Ecin be 
parren: ug when its bottom is made black and Tough but E so laris | sim “hishly 
m - £ [ Jt. Entrance '74 ] 
ly in an electric heater but its temperature becomes cons- 


tant after some time. Why ? LELET] 
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15. Two persons ordered tea in a restaurant and i 
sons : waited fora friend t i 

bo cubes tea in his cup and mixed cold milk in it, and the other pored his oaa ped 
; p sens after the friend arrived. Whose cup of tea was hotter? Give reasons for your 

16. Explain with proper reasoning :— EEES 

(a) The outside of a cooking vessel should preferabl i 

i y be rough and pai 

whereas the outside of a calorimeter should be bright and polished. n Aa fe 

(b) In hot countries people prefer to wear white clothes but i i 
coloured clothes are preferred. eager ati PE te 

(c) A cloudy night is warmer than a clear night. 

(d) The temperature inside a greenhouse remains greater than that at the outside. 

(e) Ina desert, it is too hot during day time and too cold during night. : 

(f) For cooking, a black is preferable then a bright vessel. 

(g) The birds puff their feathers out on a cold day. 

(h) Wooden clothes are more comfortable than cotton clothes in winter. , 

() The handle of a kettle is wrapped with cane. 

(j) Heat can not be transmitted by convection through a solid. 

17. You are given two ordinary clear glass thermometers and the bulbs of one of them is 
coated with lamp black. Compare their readings when exposed (a) or a damp cloudy night 
(b) on a clear dry night in the cold weather, and (c) in the sun. 


[C] Simple Problems. 


1. If the conductivity of a metal is 02 C.G.S. unit, what is its value in F.P.S. system ? 
[ Ans. 1:344x 107? F.P.S. unit ] 


2. Heat flows into ore face of a 1 cm. cube and out of the opposite face at the rate of 

10 cal./sec. No heat passes through the other four faces. If the temperature difference between 
the two faces is 1°C, what is the thermal conductivity of the material of the cube ? 

Í Aas. 10 cal. cm.^ sec. deg.-C. ] 


3. Two sides of an iron plate of thickness 1 cm. and area 2 sq m, are maintained at 
100°C. and 50°C. respectively. Find the total amount of heat which flows through it from 
one side to the other in 1 min, Given, for iron K=0:16C.G,S. unit. [ Ans. 96x105 cal. } 


4. It is found that 3x 108 cal, of heat are transmitted per minute across a sheet of a 
metal 10 cm, square and 1 mm, thick with a difference of temperature 100°C. between its 
faces, Find the co-efficient of thermal conductivity of the metal. 

[ Ans. 0'5 cal. cm.!- sec. deg. C. ] 


5. One end of a 20 cm. long bar of cross-section 1 sq. cm. is heated ina steam chamber, 


while its other end is introduced into melting ice. Calculate the amount of ice melted in 
5 min. Given, K of the material of the rod 0:25 C. G. S. unit. ~ [ Ans. 46875 gm.] 
6. A spherical vessel of external radius 10 cm. is made of copper sheet 2 mm, thick, It 


is filled with melting ice and immersed in water at 100°C. Calculate the rate at which the ice 
72 C.G.S. unit and latent heat of fusion of ice- 80 cal./gm. 


melts, Given K for copper=0° 

: [ Ans. 5:652 kg. /sec. ] 
ick exposes 3 sq. metre of its surface to the furnace. If 
10°C., find the amount of steam produced in one hour. 
d latent heat of steam 540 cal./gm. [4ns. 128 kg.] 
he temperature of its surface in contact with the 
air is —10°C. At what rate heat is conducted through each square metre of ice? Given, 


conductivity of ice=0-005 cal. cm,- sec. deg.-* C. [Ans. 100 cal./sec.] 
9. Ina copper boiler, the plates are 12 mm. thick and 30 kg. of water are evaporated per 
heating surface. Calculate the difference of temperature 


minute per square metre of the ( 
between the sides of the plate. Given, latent heat of steam 540 cal|gm. and thermal con- 
ductivity of copper —0'1 c.g.s. unit. [ Ans. 324°C ]. 


7. A boiler with plate 2:5 cm. thi 
the temperature of the outside face is 1 
Given, K for iron=0°16 C.G.S. unit an 
8. The ice on a pond is 5 cm. thick and tl 
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j 10. The walis of a hot water tank are 0-80 cm. thick and are made of material of thermal 
conductivity 1-2 105 cal. cm.-! sec.—! deg,-! C, The tank is protected by lagging of thickness 
20cm. and thermal conductivity 9-6 x 10-3 cal. cm.—1 sec.—! deg-! C. When conditions are 
steady the temperature of water in the tank is 70°C. and the temperature of the outer surface 
of the lagging is 40°C, Find (a) the temperature of the interface between the tank and lagging 
(b) the loss of heat per square metre per second. ^. ( Oxford ) [Aas. 69:07°C ; 1395 cal. ] 
M. An ice box is built of wood 1*5 cm. thick with an innerlining of cerk 3:0 cm. thick. 
It is filled with melting ice at O°C. If the temperature of the outer surface of wood is 30°C, 
what is the temperature of cork-wood interface ? Given, the conductivity of wood is 60x 10-4 
and of cork 1:2 x 10-4 c.g.s. unit, : [4ns. 273*C] 


12. How much coal must be burned to make up for the loss of heat due to conduction for 
one day through two glass windows each 4mm. thick and having area 2 m.*, if the room 
temperature is 25°C and the outside air is at —10°C. Given, heat of combustion of coal used 
is 8000 cal./gm. and K for glasss2:4x 10-5 C.g.s. unit. [ Ans. 90°72 kg. ] 

13. A box made up of an insulating material contains an electric heater. If a power input 
of 120 watt to the heater is required to keep the interior of the box 60°C. above the outside 
temperature, find the thermal conductivity of the material of the box. Given, the effective 
total area of the box is 2:5 m.? and the wall thickness is 4 cm. — [ Ans. 762x105 C.g.5. unit ] 

14. The walls of a refrigerator are 10 cm. thick having a surface area of 10 m.*, ; The 
temperature outside the refrigerator is 30°C, How much power in watt must the ref; rigerator 
motor supply in order to maintain a temperature of 0°C. inside the refrigerator ? Given, the 
thermal conductivity of walls=0-001 c.g.s. unit. [ Ars. 1:26 kw, ] 

15. A vessel with walls 2:5 cm, thick, of effective area 2000 cm.*, and conductivity 5 x 10-5 
cal, sec. 1 cm~ deg. C., contains liquid oxygen at —188°C., evaporation being possible 
through an opening at the top of the vessel. Taking the latent heat of vaporization of oxygen 
to be 60 cal./gm, find the rate at which the liquid evaporates when the Surroundings are at 
12°C, s (Oxford) [ Ans. 8 gm./min. ] 

16. Apply Stefan’s law to calculate the Tatio of the rate of heat loss from a metal ball at 
727°C, to that from the same ball at 427°C. if the temperature of the surrounding be 27°C. 

[ Ans. 4276:1] 

17. A small hole of area 0:5 Cmgmis made in the wall of a furnace heated to 1527°C. 
Assuming the hole to be a perfectly black body, calculate the heat radiated per sec, from it. 
Given, Stefan’s constant ¢=5+7 x 10-5 erg/cm,*/sec,/°Ks, »  [ Ans, 7:123 cal./sec. ] 

18. Two rods A and B are of equal length, Each rod has its ends at temperatures 7, and 
Ta What is the condition that will ensure equal rates of flow of heat through the rods A 


and B? [L 1. T. 76] 
[ Ans, "tm n i 
Fs K, 


[D] Harder Problems, 


: 1. Assume that the. thermal conductivity of Copper is 4 times that of brass, Two rods 
of copper and brass having the same length and cross-section are joined end to end. The free 
end ofthe copper rod is kept at 0°C, and the free end ofthe brass rod is kept at 100°C. 
Calculate the temperature of the junction of the two rods at equilibrium. Neglect radiation 
losses. (1.1. T.70) [ Ans. 20°C. ] 

2. (a) One end of an insulated copper rod is held at 0°C. and the end at 100°C, The rod 
is 50 cm. long and has cross-sectional area of40cm. Calculate the heat current in the rod 
watt, The thermal conductivity of Copper is 0:90 cal./(sec. cm, °C). 

(b) If the copper rod of part (a) is replaced by aluminium rod with the same cross-section 
Lut only 27 cm, long, the same heat current results. The two rods are then welded such that 
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a compound rod 77 cm. in length is formed, What is the ratio of the heat c i 

$ urrent 
pound rod tothat inthe copper rod alone for the same temperature eM E 
opposite ends? ( London ) { Ans. (a) 30:2 watt., (b) 1/2] 


3. A slab consists of three parallel layers of different materials 5 cm 
d e | ., 10 cm. 
thick and of thermal conductivity of 0:7, 0-4 and 0-2 c.g.s. unit respectively. If kara dd 
face of the slab are at 100°C, and 0°C. calculate the temperature of the interfaces MM 
quantity of heat passing by conduction through each square metre of the slab per second. 
[ Ans, 93-3°C. ; 70°C ; 9333 cal. } 
4, A layer of ice 14.9 cm, thick has formed on the surface of a deep 
l pond. If th ù 
ture of the upper surface of the ice is constant and equal to that of the air, which is ae n 
determine approximately the time it will take for the thickness of ice to increase by 2 mi a 
Given, latent heat of fusion of ice=80 cal/gm., density of ice=0'9 gm,/c.c., thermal cond = 
tivity of ice=0-006 c g.s. unit. i [ Ans. 10 ag 
5. A copper block containing a resistance coil is suspended in vacuum b oe 
t 
cm, long and 1:0 mm, in diameter. To maintain the temperature of the block at WC. gin 
the other end of the suspension, a power of 0:084 watt must be disspated in the coil Cubutate 
the co-efficient of thermal conductivity of the material of the suspension wires. [ Neglect the 
energy transferred by radiation] ( Cambridge) [ Ans. 0°6366 c.g.s. unit | 


„6 A glass disc, 2mm, thick is placed between and with its flat faces in good thermal 
contact with the ends of two identical coaxial solid copper cylinders, each 10cm, long and 
having the same diameter as the disc. The outer ends of the cylinders are maintained at 100°C 
and 20°C. respectively, and the sides of the disc and the cylinders are perfectly lagged. Cal- 
culate the temperatures attained by the copper-glass interfaces when the steady state is reached 
The thermal conductivities of copper and glass may betaken as 0:92 and 0:0024 cal. cm a 
sect, deg-'C. respectively. ( London ) [ Ans. 91°725°C. ; 28-275°C. | 
7, Three rods of material X and three rods of material Y are connected as shown in the 
figure. All the rods are of identical length and 
cross-sectional area. Ifthe end 4 is maintained 
at 60°C and the junction £ at 10°C, calculate the “= 
temperatures of the B, C and D. The thermal 
conductivity of X is 0:92 cal.[sec. cm °C and that 
of Y is 0:46 cal./sec. cm. °C. 


(I. I. T.'78) | Ans. 30°C, 20°C, 20°C ] 


of the earth, assuming it to be in thermal equilibrium 
rature of the sun to be 5700*C, its radius 7 x 10'? cm. 
( Jt. Entrance '83 ) [ Ans. 137:9*"C] 


8. Estimate the surface temperature 
with the sun, Assume the surface tempe 
and its distance from the earth 1:5x 10? cm. 


er with a copper heating element fitted inside weighs 300 gm. It is 


9, A copper calorimet 
filled to a certain mark with 200 gm. of a liquid. With 41 watt electrical input to the heater, 


the temperature rises from 20°C to 45°C in 10 minutes. When 140 gm. of the liquid is replaced 
by 1250 gm. of copper rivets such that the liquid level remains the same and the calorimeter 
heater is supplied with the same electrical input as before, the temperature rises from 20°C to 
45°C in 9 mins 5 secs. It is found steady temperature of 45°C can be maintained in either case 
with an electrical input of 2 watt. The room temperature remaining constant at 20°C through- 
out the experiments. Calculate the specific heats of (i) copper and (ii) the liquid. , 
( Jt. Entrance '80 ) { Ans, 0:095; 1:00] 
10. The temperature on the inside and outside of a cylindrica} tube of a bad conductor of 
heat whose coefficient of thermal conductivity is k are kept at 6, and 6,. If the inside and 
.outside diameters are 2a and 26 respectively, show that the heat flowing across unit length of 
the tube per sec. is Ink (8 —0:)/(logo* — ogo?). ( Jt. Entrance '79 ) 
[ Hints : Use calculus ] 
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11. A closed cubical box made of perfectly insulating material has walls Of thickness 8 cm, 
and the only way for heat to enter or leave the box is through two solid, cylindrical, metallic 
plugs, each of Cross-sectional area 12 cms arti 
length 8 cm. fixed in the opposite walls of the 


SURFACEA SURFACEB 5 

us 40'c box ( see Fig. ) The outer surface 4 of one plug 

METALLIC: METALLIC is kept at 100°C while the outer Surface B 
PLUG PLUG of the other plug is maintained at 4°C, The 


thermal conductivity of the material of the plug 
is 0:5 cal deg-'C cm-! sec-!, A source of energy generating 36 cal/sec, is enclosed inside the 
box, Find the equilibrium temperature of the inner surface of the box assuming that it is the 
same at all points on the inner surtace, (4.1. T. 72) [ Ans. 76°C ] 


2 2 VIBRATIONS 
CHAPTER 


221. Introduction, 


In the earlier section of mechanics, we considered, ‘in detail, the linear and 
circular motion of a particle. In this section, we shall study another common 
type of motion, called periodic motion. Any motion that repeats itself at 
regular intervals of time is known as periodic motion. Many familiar pheno- 
mena can be cited as examples ; the motion of a pendulum, of the balance wheel 
of a watch, of a planet round the sun, of a mass suspended by a spring, of the 
strings and air columns of musical instruments, etc. In the following discussions 
we shall treat, for simplicity, a moving body as a particle. We shall also discus, 
in detail, a particular type of periodic motion called vibratory or oscillatory 
motion. à 


22-2. Oscillation and its characteristics, 


A particle in periodic motion is said to be executing vibratory or oscillatory 
motion, when it continues to move back and forth repeatedly over the same path. 
Previously we considered linear motion in which accelerations were constant both 
in magnitude and in direction, and circular motion in which the accelerations 
(centripetal) were constant in magnitude but not in direction. In oscillatory 
motion, however, as we shall see later on that the accelerations, like displace- 
ments and velocities, change periodically in both magnitude and direction. In 
such motion, one particular position of the particle can be found where no 
resultant force acts on the particle. This is known as the equilibrium position of 
the particle. On being slightly displaced from this position, a restoring. force acts 
on the particle, tending to move it back towards the equilibrium position. As the 
particle returns back to this position, it over- 
shoots due to its inertia of motion and moves 
on to the other side. Its motion, therefore, goes 
on repeating itself. 

We consider as an example, the motion of a 
simple pendulum [Fig. 22:1]. O is the equili- 
brium position; when displaced from this 
position, the bob oscillates along the path AOB. 
Let 6 be the angular displacement of the bob 
at any particular instant. The forces acting on 
the bob are its weight mg acting CEN Fig. e : reed motion 

i ion T in the string. At of a simple pendulum 
ee v ees cancel each other, so that no net force acts on the bob. 
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At the displaced position, say B, the component mg cos @ of the weight of the bob 
is balanced by the tension J in the string, while the component mg sin 0 always 
tries to bring the bob back to its equilibrium position O. This is, therefore, the 
restoring force acting on the bob of the pendulum. 

We now define some important quantities in relation to oscillatory motion. At 
any instant, the displacement of the particle is defined as the distance of the 
particle at that instant from its equilibrium position. The maximum value of the 
dispiacement is called the amplitude of its motion. Thus, for the simple pen- 
dulum, OA or OB gives the amplitude of oscillation. 

When the oscillating particle passing through any position returns to the same 
direction, a complete vibration or oscillation is said to occur. In the example 
of the simple pendulum, the trip from 4 to B and back to A, or the trip from O 
to B, from B to A and back to O represents a complete vibration or oscillation. 

The time required for a complete oscillation is called the periodic time or time 
period or simply the period of the oscillatory motion. It is usually denoted by T. 

The frequency (symbol n) of the oscillatory motion is the number of 


oscillations performed per unit time. Thus, frequency is the reciprocal of period. 
1 

Hence, n= Sig LA (22:1) 

Obviously, the unit of frequency is per second. 


This unit is called Hertz, its 
abbreviated form being Hz. 


22:2. Simple harmonic motion. 


A particular type of oscillatory motion which is of great importance in all 
branches of physics is known as simple harmonic motion (often abbreviated as 
S.H.M.). It is the simplest type of oscillatory motion. Its importance lies in the 
fact that any complex oscillatory motion can be expressed as a combination of a 
number of S. H. Ms. If the acceleration of an oscillating particle is directly 
proportional to its distance from the equilibrium Position and is always directed 
towards that position, its motion is said to be simple harmonic, i 

Fig. 22:2 represents a particle N oscillating. in a Straight line between the points 
A and B, about its equilibrium position O. At any instant, let its displacement 


j A Nx9 A measured front the equilibrium position, 
vM SEDIS) be x. For the motion to be simple 


harmonic, its acceleration f at that instant 


Fig. 22:2 : Simple harmonic motion should be directed towards O and must 


be Proportional to x i.e. 


fec—x or, f=—kx 
where k is the constant of á 
although the acceleration i 


f= (22:2) 
proportionality, The negative sign indicates that 
s larger for larger displacement 


opposite direction to the displacement. pv 
From Newton’. i 

$: s second law, the force acting on the particle of mass m is given 
=mf=—kmx=— Kx 


(22:3) 


where K— i H : e x. 
Kekm is a constant. This equation indicates that the force on the particle 
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executing S.H.M. is proportional to its displacement and is always directed towards 
the equilibrium position. The force is thus restoring in nature. 


22:4, Relation of S.H.M. with uniform circular motion. 


Lebus consider a point P moving with a uniform angular velocity w round a 
circle of radius a and centre O. Let PN be the perpendicular drawn from P on a 
fixed diameter XX’ of the circle [Fig. 22:3]. 
Then as P revolves, the foot of the perpendi- 
cular N describes a to and fro motion along the 
diameter XX’, with O, the centre of the circle, 
as its mean position. If the point P starts from 
X, then as it completes each revolution, the 
point N moves from Xto X’, through O, reverses 
its direction and returns again to X through O. 
It will be shown in the next article that this 
oscillatory motion of Nis S.H.M. about O. Fig. 22:3 : Circle of reference 
Point P is known as the reference point, while for analysing S.H.M. 
the circle in which it moves with constant speed 
is called the reference circle or auxiliary circle. We may thus define simple 
harmonic motion alternatively as the projection of a uniform circular motion on 
any diameter of the circle. 

The time spent in making one complete vibration is defined as the Period (T) 
of the particle executing S.H.M. It is obvious that this must be equal to the time 
spent by the reference point in making a complete revolution round the reference 
circle. Since the angular velocity of the reference point is w, we have, 


‘eee : z 
I e ws (22:4) 
` If the frequency of the S.H.M. be n, then 
] |o 
— 95> =2 tee . 
n—mT on or, c—27n (22:5) 


Demonstration experiment: A wheel fitted with a short handle is arranged 
to turn uniformly in a horizontal plane [Fig. 22:4). A parallel beam of light :asts 


l 


BN 


Fig. 22:4 
the wall of the room. It is found that as the 
its shadow describes a to and fro 


its shadow on a vertical screen or on n 
handle executes a uniform circular motion, 
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motion on the screen. That this motion is S.H.M, canbe shown by simulta- 
neously projecting on the screen the shadow ofthe bob of an oscillating simple 
pendulum. The bob is suspended just above the centre of the Wheel. Proper 
adjustment will produce identical motions of the shadows ofthe bob and of the 
handle. 


22:5. Mathematical representation of S.H.M. 


On the basis of the concept of reference circle, the mathematical representation 
ofthe various physical quantities associated with S.H.M. can be obtained in the 
following way : 

(a) Displacement and amplitude: The displacement at any instant of the 
point NV executing S.H.M, is given by its distance ON=x, measured from the 
mean position Q at that instant (Fig. 22:3). ; 

But ON=OP cos 0. x=a cos 0 (22:6) 


vibrating point N ; a thus represents the amplitude of the S.H.M. performed by 
the point N. 


Let us assume that the time is counted from the instant when P passes through 
the point X ie, when OP coincides with OX. If the time required by P in 
moving from X to P along the circle be t then ü—ot, where w is the uniform 
angular velocity of P, Thus, 


amplitude and the angular vel 
called the equation of S.H. M. 
Now, since on St =2nn, the equation of S.H.M. can also be Written as 


x-—a cost COS Qrnt 


(22:8) 
Alternatively, we may:consider the reference point to be starting from Y and 
Y moving ina reverse direction, where YY’ is 
another diameter perpendicular to XX’ [ Fig. 
g 22:5 ]. Thus, if the LYOP= be. described by 
/ \ the said point in time t, we have @=wt. In that 
xi 5 case *=OP cos / PON=a cos (90 — 0)—a sin 0 

=d sin of. 
If we consider the Projection of the motion 
of P on the diameter YY', we may similarly 
have y=a sin ot oracos wt. Thusa S.H.M. 
Y may be represented by any of the equations 

Fig. 22:5 expressed symbolically as, 
x COS wt 

y sin wt 2r (22:9) 


The displacement of a particle executing S.H.M., therefore, varies with time in 
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a sinusoidal manner. If the displacement of any particle can be expressed in a 
form similar to equation (22-9), we can assert straightway that its motion is simple 
harmonic. 


Ifthe time is measured from the instant at which the reference point P passes 
through any other point P’, such that / P/OX. —«, then Z P'OP—ot [ Fig. 
22:3]. Then the displacement becomes 

x=a cos'Z POX=a cos Z (P'OP—P'OX) 

=a cos (ot—«) ave os (22:10) 

Similarly, with proper choice of the instantfrom which time is counted, the 

expression for displacement can be written in the form 
x=a cos (ot--«) 2 ^ (22:11) 

Equations (22:10) and (22-11) represent the most general form of the equation 
of S.H.M. 
. (b) Velocity: The linear velocity vq of the reference point P {at every 
instant is tangential to the circle and is given by Up 
Yr=aw. Now, since the motion of N arises out 775-0 
of the motion of P,the velocity v of N at any AP 
instant is given by the component of the velocity 
of P along XX’ [Fig. 22-6]. It will be seen x AÁ 
from the figure, that the velocity of N is given 
by 4 

y——yT cos (7/2—8)— —a« sin 0 

= — 40 sin wt RA S (22:12) 
The negative sign is introduced because the Fig. 22-6 : Velocity of a 


x 


_ velocity of N is directed towards left i.e., the particle executing S.H.M._ 


negative direction of x. When P is below the 
diameter XX’, the velocity of N is towards right, but since sin @ is negative then, 
the negative sign is still required. 

The expression for the velocity can be obtained alternatively by applying 
differential calculus. We have for the displacement of the particle x=a cos ot. 


Since velocity is the rate of displacement we get, 
yn und (à cos wt)=—aw sin wt 
` We can also express the velocity of N in terms of its displacement x.’ Thus, 


v= —aw sin 0— +aw/] —cosid 


=aw,/ l— ES 


=te/g—x tee c (22:13) 
The symbold-arises due to the fact that for a particular value of the displace- 
ment, the point Nmay be moving either towards left or towards right i.e., its 
velocity directions may be opposite. 
From equation (22 13), the velocity of N is maximum when x—0 i.e., when N 
isat O ; Vmag=+wa, the same as that of P. The velocity of N is minimum when 
x=a i.e., when N isat X or X' ; v4 44-—0. ; 


[5 x=acos 6] 
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Thus, we conclude that the velocity of a particle executing S. H.M. is different 
at different points along its path;the velocity is maximum, when it passes throughthe 


due to that of P, so the acceleration of N is 
3 equal to the component of the acceleration of 
A P parallel to XX’. The acceleration, f, of P is 
A X wa directed towards the centre of the circle i.e., 
along PO  [Fig. 22-7]. The component of 
this parallel to XX’ is wa cos 6. Hence, the 
acceleration f of N is 
S=—G cos 0 — ty E (22:14) 
Fig. 22:7 This expression can be alternatively obtained 
with the aid of calculus, Since, acceleration is the rate of change of velocity, we have, 
= =4 (—aw sin wt)=—aw? cos wl=— w?x, 
The negative sign indicates that the acceleration of N is always directed towards 
O, while its distance x is measured away from O. Since w? isa positive constant 


The acceleration is maximum being equal to aw*, when the displacement is 
maximum i.e., at the two extreme points of the path. T he acceleration is minimum 
ie, zero, when the displacement is also zero i.e, when the particle is at the mean 
Position of its path. Thus, the acceleration of the particle varies both in magnitude 
and direction. 
(d) Time-period and Frequency : From the expression (22:14) for the 
acceleration, the period of the’ particle executing S. H. M. can be put in a more 
useful form. We have (ignoring sign), «*—f/x 


-. fromeqn. (224), Tem AL PENNEN (22:15) 
x 


ie, Periode 2m / ! 
Acceleration at unit displacement 


Futher, if we multiply the numerator and denominator inside the r 
eqn. (22:15) by m, the mass of the particle, we get 
T=2r ]| m. 
mfix 
But mf=P, the restoring force on the particle. Thus, 
T=2n, [_m "i zi 22-16 
Pjx ( ) 
] d—2. I Mass 
ik eae Restoring force at unit displacement 


4 See — — — 
es 3 
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From these two expressions, the period ofa particle executing S. H. M. can 
be obtained in a simple manner. These expressions show that the period is 
independent of the amplitude of vibration. 

If the frequency be n, then 

n= 1 ESG _ Acceleration Nai af Receleration at unit displacement 
T  2- N Displacement 27 

(e) Phase: The term ‘phase’ of a particle describing S. H. M. at any 
instant of time, means its state of displacement and motion at that instant. Thus, 
any quantity, which gives us the displacement and the direction of motion at any 
instant of an oscillating particle, may be taken as a measure of the phase of the 
particle at that instant. 

If we look at the expressions for displacement, velocity and acceleration of a 
particle executing S.H.M., we shall sce that if the factor wf is known, then the 
values of these quantities at any instant tare determined. Hence, phase ofa 
vibrating particle at an instant ¢ is given by the angle wt. 

So, phase of a particle executing S.H.M. at any instant of time is measured by 
the angle described by the reference point. Since w=2x/T, hence the fraction 
t/T, also provides a measure of the phase. 

Epoch is the phase of the particle at the initial instanti. e, at t=0. From the 
general equation for S.H.M., we find that when t—0, the phase is —« or +-«, 
which is the epoch. 


In the equation x—a cos wt, if we replace tiby t+T ie, t+ TAE we have 
[^] 


x=a cos (2s -4- «t)—a cos wt. Hence the displacement and direction of motion of 
the particle become exactly the same as the previous values. Thus, the phases of a 
vibrating particle become identical after an interval of a complete period i.e., when 


they differ by 2m. Similarly, if we replace t by t+ I i.e. HS we have | 


x =a cos (7+ ot) — —a cos wt. Hence the displacement of the particle is now equal 
and opposite to the previous value ; its direction of motion is also opposite. The 5 
particle is now said to be in opposite phase. Thus, the phases of a vibrating 
particle become opposite after an interval of half a complete period i.e., when they 
differ by v. 2 

Phase difference exists when we consider S.H.Ms. which are not in step 
with each other. ~ This indicates by how much angle or by how much time, given 
as a fraction of the period, one is ahead of the other. Thus, if the equations of 
the two S.H.Ms. of the same frequency are given as 

X1—44 cos ot, Xa—42 cos (wt+¢) 

@ is then called the phase difference between the two motions. 

If at every instant, the states of vibration of two S.H.Ms. be identical, they are 
said to be in the same phase [$—0]. This holds true irrespective of whether their 
amplitudes and velocities are equal or not. For example, if the two vibrating 
particles pass through their mean positions in the same direction at the same 


instant, they are in the same phase ; they would also attain their maximum 
\ 
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opposite to its displacement, work is done during displacement. The Particle thus 
also possesses potential energy. If no dissipative force is present, the total 


If the mass of the particle be m and if at any instant of its Motion, its displace- 
ment and velocity be x and y respectively, then its K.E. at that instant is given by, 


Ey gm! —bmoN(at—*) e ip (22:17) 


DH 


where I and a is the amplitude. The K.E, is, therefore, maximum when x=0 


i.e., at the mean position and is Zero, when xa i.c., at the extreme positions. 

Now, the acceleration of the particle is wy (ignoring sign), so that the restoring 
force on the particle at that position is oy. The forceat the mean position is 
zero. Hence, the mean force acting on the particle during this displacement is 
mawx. The work done in moving from the mean position to this displaced 
position is obtained by multiplying the mean force by the displacement, which 
gives the P.E. (E,) of the particle at the displaced position, 

Eg mux x x- moist Fy T As (22:18) 

So the P.E. is maximum when X—a i.c., at the extreme positions and is zero, 
when x=0 i.e., at the mean position. 

Alternative calculation, 


This expression for the P.E. of the Particle can be obtained alternatively in a 
more accurate way by using calculus, The force acting on the particle when it is 
displaced through x is mw?x. If the Particle now gets displaced by an infinitesi- 
mally short distance dx over Which the force practically remains constant, the 


ENERGY Work done on the Particle is given by mw%xdx. 
Hence the work done on the particle in moving 
TOTAL ENERGY through x ie, its PE. at that position is given 
Sa” ari mr vrbis by, 
PE x 
£,= Jp mate 
KE. 
o 
- DISPLACEMENT The total mechanical energy of the vibrating 
x 0 X particle is given by E-E,.E, 
ü ü —dmo*(at— x3) + goza 
Fig. 22:8 —imotgi : (22:19) 


This is independent of the displacement x of the particle. The total mechani- 
calenergy thus remains constant during oscillation. Hence the principle of 
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conservation of mechanical energy holds good for a particle executing S. 
0 ica „H.M. 
Fig. 22:8 shows the variation of K.E., P. E. and total energy with epee 


227. Examples of simple harmonic motion. 


For small displacements, the motion of a simple pendulum and that of a mass 
hanging from a spiral spring provide two common examples of S.H.M. Ifa 
U-tube is partially filled up with a liquid and the levels are then altered by 
blowing into the tube, the liquid performs S.H.M. If a tuning fork is struck 
gently, the prongs of the tuning fork describe S.H.M. The motion ofa steel ball 
or marble rolling back and forth inside a shallow spherical bowl is also simple 
harmonic. ‘The oscillations of a magnetic needle displaced from its equilibrium 
position, the torsional oscillations performed by a body suspended by a twisted 
wire etc., provide some more familiar examples of S.H.M. We shall consider 
now in greater detail the first three examples cited above. 

(i) Simple pendulum : From Fig. 22:1, the restoring force acting on the 
bob of the pendulum is mg sin?. The resulting acceleration of the bob is given 


fame st =g sing. d 
If the angular displacement 6 be very small, then sin 9=0, 0 being measured 
in radians, Hence, f— —&9. 
Now, ifthe displacement of the bob from its equilibrium position be x and if / 
be the length of the pendulum then =} 


.. acceleration f=- xe kx 
where k=g/f isa constant. This equation is ofthe same nature aseqn. (22:2). 
Hence, the motion of the pendulum is simple harmonic. This holds true only 
when @ is very small. Since the acceleration. at unit 4 1 
displacement is equal to g/l, the period of a simple 


pendulum is given by 
=2ryV/ ljg. 


(ii) An object hanging from a spirel spring: 
An object, of mass m is suspended from the end of a 
spiral spring so that the spring gets elongated by, say, 
I [ Fig. 22:9 (a) & (6)]. If the object is now depressed 
through a distance x from its equilibrium position and 
released [Fig. (c) it will execute vertical oscillations. 
Asthe object is pulled down, the spring exerts on the A 
body a restoring force P trying to bring it back to its 
initial position. From Hooke’s law (vide Art. 9:2), Fig. 229 
this restoring force is proportional to the displacement x of the object but is 
oppositely directed, being given by, 

P-1/32 P=—Kx 


(y+ 
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where Kis the force constant of the spring. When the object is released, it moves 
with an acceleration f due to the action of the force. This is given by 


P K 
m = —— XS KX 
f£ ni m^ 5 


where zn is the mass of the object. Since k- is also constant, the motion 


executed by the object is simple harmonic, As the acceleration at unit displace- 
ment is K/m, the period of the oscillating object is given by 
T—274/ m]K. 
Now, the weight mg of the object produced an elongation / of the spring. 


Hence mg=KI ^ or, x un T=2m/ 
(lil) Liquid in a U-tube : 


Let us consider a U-tube of uniform bore partially filled up with a liquid upto 
a level AB indicated in the figure by the dotted line [F ig. 22:10]. The level of 
: | liquid in the right hand arm is depressed by some 
means through a distance say, x. As a liquid is 
practically incompressible and as the cross-section of 
DET EE the tube is uniform, the liquid in the left hand arm 
£ will also rise through a distance x. Hence a difference 
in height of 2x is established between the levels of the 
liquid in the two arms. Ifthe agent producing the 
depression ofthe liquid level in the right hand arm 
is removed, the weight of the liquid column of height 
"Fg; 2240 2x tries to restore the liquid levels in both arms to 
ASIE the initial positions,- The liquid levels will be found 
to be executing oscillatory motion. Now 
the restoring force =Wt. of the liquid column of height 2x 
=—2x Apg 


where A is the cross-section of the tube, p is the density ` of the liquid and g, the 
acceleration due to gravity. 


As the restoring force is proportional to the displacement x, hence the motion 
is simple harmonic. If m be the mass of the entire liquid column in the U-tube, 
then from eqn. (22:16), the period of the oscillating liquid column is given by 


T—25/. mi 
2Apg 
Now if the length of the complete liquid column inside the U-tube be L, then 
m=LAp 


Tam |I 
"VE 7 
Example, 22:1. The equation of motion ofa point is given as x=4A cos 
( 100 2. Find its (a) amplitude, (b) period, (c) frequency and (d) epoch. 
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Solution; Comparing with the equation of simple harmonic motion xa 
cos (wt+-«) we get, 
(a) Amplitude a=4A 
(b) Angular velocity o=100m rad./sec. 


s 2m _ 2n 1 
period Pome T De. 3o * 


(c) Frequency n--.—50 C.p.s. 
(d) Epoch =% rad. 


Example 22:2. Write down the equation of a simple harmonic motion with 
an amplitude of 10 cm., a period of 4 sec. and an initial phase equal to 30°. 


Solution: Here a=10 cm. 


red sec.. ^al w=) rad./sec. 


T= 


and «=30°= i x eae rad. 


The equation is 


ees (21) 


Example 22:3. A body weighing 100 gm. vibrates in S. H. M. witha 
period of 5 sec. and an amplitude of I5 cm. Find its velocity, acceleration, K. E. 
and P. E. (a) at the mean position, (b) at the end of the path and (c) at a point 
1cm. from the mean position. 


Solution : Since T=5 sec., w=2n/T=2n/5=1'26 rad./sec. 


(a) At the mean position, displacement x=0. .. From eqn. (22:13), we 
have (ignoring sign) v=aw=1:5 x 1'26=1:89 cm./sec. From eqn. (22:14), when 
x=0, f=w'x=0. Also, from eqns. (22:17) and (22°18), we have K.E.= 
mv? =ġ x 100 x 1:89°=178°7 erg., P.E.=4$mw*x?=0. 

(b) At the end of the path, x=a. Hence v=0, and f=wa= 1:5 x 1:263 — 
2:38 cm/sec.2  K.E.—0 and P.E. —K.E. of body at the mean position-z 1787 erg. 


(c) When, x=1 cm. then v—we/gi—xizl264/[51—]31—1:41 cm/sec. 
and f=w'x=1-26? x 1==1°58 cm.[sec.*. K.E.—4x100x1:415—99:2 erg. P.E. 
may be found from the fact that the sum of P.E. and K,E. remains constant, 

P.E.—178:7 —99'2=79'5 erg. 


Example 22:4. 4 ball weighing 200 gm. is attached to one end of a vertical 
spring, the ather end of which is clamped. The ball is pulled down through 5 cm. 
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by applying a force of 50 gm. wt. vertically downwards and then released. Find the 
force constant of the Spring and the period of the resulting S.H.M. 


Solution: Force constant K— I 90 X 980... ggog dyne/cm. 


iod T= M -ixslax | 200 os ec. {near 
Period T—2; z S500 sec. (nearly) 


Example 22:5. 4 particle is executing S.H.M. ina line 6 cm. long. Its 
velocity when passing through the centre of the line is 12 cm.[sec. Find its 
period. 


Solution: Amplitude of the partcle a=$=3 cm. From eqn. (22:18), its 
velocity at the mean position (x—0) is 
y=Gw (ignoring sign) 
or, 1223xw« - “> w=4rad./sec, 


Hence, period T= res? Sec, 
w 
Example 22:6. 4 Simple pendulum of 
amplitude of 4 cm. Calculate the velocity of 
mid. point of its oscillation. 


lengih 80 cm. is oscillating with an 
the bob as it passes through the 


Solution ; The period T=2aV/ Tg, -. o=2r/T=V gj]. Putting g—980 


cm./sec.* and /==80 cm., we get w=7/2 rad/sec, At the midpoint of oscillation, 
the displacement of the bobis zero. Hence, its velocity is y= qw=4 x $=14 cm, /sec, 


Example 22-7, 4 body of mass 5 gm. 
extremity. 
Solution: We have n=36 vib./min.=3/5 Hz 


w=2nn=6r/5 rad./sec, 


Now, acceleration at the extreme point wg 


2 
= Or x 25-367 cm /sec,2 


the restoring force=5 x 36511774 dyne. 


displacement x— cos wt=10 cos = C 
f 6 


=10 coz. ==5 cm, 


ee Oe ee eee 
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velocity v=aw sin «fes 127. sin 
= 1027 x 0:866—27:2 cm./sec. 
acceleration f —«*x— m? x 5—49:3 cm. [sec?, 
Force= P—mf—4x49:3—197:2 dyne towards the centre of oscillation. 
(ii) In this case, 7=10 cos wt=10 cos at 
cos 7t=0°7=cos 45°57° 

45°57 x mr. 

180 


45:57 x7 124997 ey 
m= 180 orf m 253 sec, 


Example 22:9. A body having a mass 5 gm. executes S.H.M. When the 
displacement of the body is 25 cm., the force acting on it is 1280 dyne. Find its 
period. 

Solution: Here m=5 gm. 


But 45°57°= rad. 


Restoring force/unit displacement= "200 — P dyneJem, 


5 
From eqn. (22°16), * 


T=2m/ 5 —9rx-2.—1:96 sec. 
256/5 16 

Example 22:10. 5 kg. of mercury (density=13'6 gm./c.c.) is poured into a 
glass U-tube with uniform bore of 1'6 cm. diameter. When slightly disturbed, the 
mercury oscillates up and down freely about the position of equilibrium. Find the 


period. 


Solution : Cross-section of the tube 5 (1:6)5—0:647 cm?, 


If the total length of the mercury column be L, then 
Lx0:647 x13:6—5 x 10° 


i = L = 5x1 =3'68 . 
Period T—27, / 3; eal, en Bi sec 


Example 22:11. Some sand is sprinkled on a horizontal membrane which 
can be made to vibrate vertically with S.H.M. When the amplitude is 0*5 cm., 
the sand just fails to make continuous contact with the membrane. Explain the 
phenomenon and calculate the frequency of vibration. 

Solution: If the sand is not on the membrane, it would fall downwards 
with acceleration g=980 cm./sec*. For the sand to remain in contact with the 
vibrating membrane, the maximum downward acceleration of the membrane must 
then be less than or just equal to g. Now, as the amplitude of vibration of the 
membrane increases, the maximum acceleration (=w*a) also increases. At the 
instant the maximum acceleration of the membrane becomes just greater than g, 
the sands will loose their contact with the membrane, 
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Hence, the required frequency is given by 
wa=g or, wi=g/q 


Since, w=2an, we have n= 1 af, g 
2nV a 


1 980 . 
EU w cycles per sec. (approx.) 
22:8, Graphical repr ation of S.H.M. 
Let us consider tl uation of S.H.M., x—a cos wt. The velocity and 


acceleration of the particle are given respectively by v— —a« sin wt and f —aoà 
cos wt, Since all these quantities change with time we can represent their varia- 
tions graphically by plotting these quantities against time. Now, 

(i) When t=0, wt=0 and cos ot—1, sin wt=0 

Therefore, x—a, y=0 and f= —aw* 

So the displacement and acceleration of the particle are maximum while its 
velocity is minimum. 

(ii) When t=, et 7 ; =r and cos wf=0, sin w=). Hence, x—0. 
v= —aw and f=0. 

Thus, the displacement and acceleration of the particle are minimum but its 
velocity is maximum. 


(üi) When 15, er A Dan and cos wt=—1, sin wt=0, So, x=—a, 


y—0 and f=aw', 
The displacement and acceleration of the particle are now again maximum but 
in opposite sense and its velocity is again minimum. 


(vi) When t. et A T == and cos wt=0; sin! wt=—1, 


Therefore, x=0, y=aw, and JE 
So, the displacement and acceleration have again become minimum while the 
velocity is again maximum but is oppositely directed. 


(v) When t=T, w=? » T—27 and cos wt=1, sin wt=0, 


Hence, x=a, y=0 and f=—aw! 

The quantities, therefore, have again attained the initial values, 

With further increase in time, the above variations are repeated over and over 
again. For convenience, the schemes of Variation are shown in tabular form 
below : 


Displacement 


. Velocity 


Acceleration —aof 
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1f now the quantities are plotted against time, curves shown in Fig. 22:11 are 
obtained. The curves are obviously sinusoidal. The displacement curve [ Fig. 
29°11 (a) ] and the acceleration curve [ Fig. " 1 t ; 
22:11 (c) ] are cosine curves. It should be 
noted thatthey are similar but reciprocal in 
form ; this represents the fact that accelera- 
tion isalways directed opposite to the displace- 
ment. The velocity curve [Fig. 22°11 (b) 
is a sine curve. 


32:9, Superposition of two S.H.Ms. along 
the same line. 

Let us suppose that two forces are simul- 
taneously impressed on a particle. The 
nature of the forces is such that if impressed 
separately, each would cause the particle to 
describe a separate S. H. M. the two 
S.H.Ms. thus produced being in the same 
line. The motion of the particle will then be 
the resultant of the two simultaneous S. H. 
Ms. impressed upon it. Since the displace- Fig.2211: Graphs of displace- 
ments produced by these two S.H.Ms. are in ment, yelocity and acceleration 
the same line the resultant displacement at of a particle executing S.H.M. 
any instant is simply the algebraic sum of their values at that instant. Thus the 
ordinate of the resultant displacement curve at each point is the algebraic sum of 


the ordinates of ther'component vibrations at the same point. We shall consider 
only the following two 


simple cases : 

(i) Two S.H.Ms. in 
the same line having the 
same period, same phase 
but different amplitudes. 

Let the equations of 
the two S.H.Ms. be 
given by xı=4; cos wf 
and xq4—4 cos wt. The 
displacement curves of 
them are drawn as 
shown in Fig. 22:12. 
The curves A and B 
represent the first and 
. the second component 
Fig. 2212 respectively. The 
mple algebraic addition of the ordi- 

So the resultant displacement at an 
It is obvious that the resultant 


resultant curve C is then obtained by si 
nates at each point of the two components. 
instant is given by x—x,*xy-(ana, cos ot. 
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motion of the particle is also S.H.M. with amplitude equal to the sum of the , 
amplitudes of the components and of same period and same phase as those of the 
components. 


(ii) Two S.H.Ms. in the same line having the same period but opposite ` 
Phase. 

We first assume that the amplitudes of the two S.H.Ms; are different and let 
their equations be given, by x,—a, cos wt and Xy7742 COS (7-- wt)=—as cos wt. 
Let the amplitude of the first be greater than that ofthe second Le. dia. As 
before, the displace- 
ment curves A and B 
of the two components 
are drawn [Fig. 22.13] 
and the resultant curve 
C isobtained by simple 
algebraic addition of 
the ordinates of the 
components at each 
point. In this case, 
the resultant displace- 
ment at any instant is 
given by X—X + x= 
(a1—as) cos wt. So the 
resultant motion of the 
f Particle is also S.H.M. 
having the Same Period as the components, but the amplitude being equal to the 
difference of their amplitudes, Also the resultant vibration is in phase with the 
component having greater amplitude, 


It is obvious that if the amplitudes of 


the com aye the t 
S.H.Ms. will cancel out each other and the 5 DIM the two 


particle wil] remain at rest, 


2210. Nature of vibrations, 


The vibrations of a mass suspended by a Spring, ofa rod Struck along its length 
of air columns in musical instruments etc., are longitudinal, The particles of the 
object then vibrate along the length of the object. 


- Example of torsional vibration is provided by the motion of a loaded wire 
when it is released after twisting. 
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2211. Free and Damped vibrations, 


Whenever a body is set into vibrations, then in the absence of any externally 
impressed force upon it, the body will go on vibrating with a characteristic 
frequency of its own. The frequency depends upon the mass, shape and the elastic 
properties of the vibrating body. The vibration ts then said to be tree vibration. 
The corresponding period is termed the 
free or natural period and the 
frequency, the natural frequency of the 
vibrating ^ body. Obviously . such 
vibrations should continue indefinitely 
with the same amplitude. The displace- 
ment curve for such vibration is shown 
in the Fig. 22-14. 

However, a free vibration can not 
exist in practice because frictional Fig. 2214; Displacement curve 
forces opposing the motion of the vibra- for free vibration 
ting body are always present. The energy of the vibrating body, therefore, gets 
continually dissipated. Its amplitude of vibration decreases regularly and the 
body finally comes to rest. Such vibrations are called resisted or damped 
vibrations. For example the oscillations of a simple pendulum gradually die 
away due to the resistance offered by air to its motion. ! 

In most cases, the frictional forces are of the viscous type and to work out the 
theory of such damped vibrations, the frictional force is assumed to be propor- 
tional to the velocity of the body. We have already seen that this is true for 
bodies moving with a small velocity through a fluid, eg. air (vide Art, 12:3). 
The restoring force is taken to be proportional to the displacement i, e. this 
notion is a damped S.H.M. E ro 

It is found that when damping is small, the body oscillates with an amplitude 
which diminishes with time [Fig. 22:15 (a). The frequency of such damped 


TIME 


DISPLACEMENT —> 


DISPLACEMENT 


TIME 


DISPLACEMENT 


(a) (b) 
Fig. 2215: Displacement curve for (a) small damping 
(b) heavy and critical damping 
scillation is slightly less than the natural frequency of the vibrating body. Such 
diminution in frequency being usually very small, it may be neglected and conse- 
quently the frequency of the damped vibration executed by tlie body may be taken 
to be equal to its natural frequency. 
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When the motion of the body is heavily damped, it does not oscillate but its 
displacement gradually dies down to zero. The corresponding displacement 
curve is shown in Fig. 22:15 (b) Such motion is called over damped, 
deadbeat or aperiodic motion. 


In between these two cases there is a particular value of damping for which 
the motion just becomes non-oscillatory. The damping for this transition 
case is known as ‘critical damping’ and the motion of the body is said to be 
critically damped. The displacement of the body then becomes zero in a mini- 
mum time. The corresponding displacement curve is also shown in Fig. 


22°15 (b). 


22:12. Forced vibration and Resonance, 


We have seen in the previous:discussions that when a vibrating body is left to 
itself, then its vibrations gradually die away due to dissipation of energy by friction. 
Hence, in order to maintain its vibration, an external force must be applied so that 
the energy dissipated may be recouped. Familiar examples are provided by the 
maintenance of the vibrations of the pendulum of a clock by the coiled spring 
attached to it or of the vibrations of violin strings by a bow. 


A particularly interesting case of considerable importance is when the exter- 
nally impressed force is periodic. A force js Said to be periodic when its 
magnitude and direction vary with time but become the same after a definite 
interval of time. The said interval is called the period of the force. 


When an external periodic force is applied on a body, the period of the 
driving force being different from the natural period of the body, the body at first 
tries to vibrate with its natural frequency but very soon such vibrations completely 
die away and the body is then made to vibrate with the frequency of the driving 
force. Such vibrations of the body with frequency equal to that of the externally 
impressed periodic force are called forced vibrations. 


The amplitude of forced vibration is generally small. It depends on how the 


frequency of the impressed periodic force is related to the natural frequency of the 
body. 


Ifthe frequency of the impressed periodic force is equal to the natural fre- 
quency of the body, the body is set into vibration almost spontaneously with a 
considerably large amplitude, This Phenomenon is called resonance and the 
body is said to resonate with the impressed force, A resonant vibration is also 
called sympathetic vibration. Thus, 


Resonant vibration is a particular case of forced vibration when the frequency 
of the driving force equals the natural frequency of the body. Even a very weak 
driving force can, in time, produce a large amplitude of motion when this condi- 
tion is fulfilled. 


‘The amplitude of forced vibration also depends on the amount of damping 
present. This is illustrated in the Fig. 22:16 which shows the resonance curves 
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ofa vibrating body for small, moderate and heavy damping. It is found that in 
cach case, the amplitude of vibration is maximum when the driving frequency is 
` equal to a particular value called the 
resonant frequency. The amplitude falls 


off on either side of this value. For mS 

small damping the resonant frequency PN = DAMPING SMALL 
equals the natural frequency of the body. $S MH 

For large damping, it is slightly lower than zu 

the. natural frequency. It is also seen xe HEAVY 
from the curves that greater response is 

obtained i.e., the resonance becomes FREQUENCY FREQUENCY 
sharper when the damping is smaller. 

Itcan be shown mathematically that in Fig, 22:16 ; Resonance curves 

the ideal case when damping is comple- of a vibrating body 


tely absent, the amplitude of resonant vibration becomes infinitely large. 


Practical Examples: When a vibrating tuning fork is held in hand, the 
sound emitted is almost inaudible. But when its stem is pressed on a table, a 
much louder sound is heard. This occurs because the vibration of the fork 
induces a forced vibration of the table with the same frequency. This large 
vibrating surface sets the neighbouring large volume of air into vibration so that 
the sound becomes louder. j 

For the same reason, stringed musical instruments are provided with'a wooden 
box. The vibration of the string throws the box and the air inside it into a state 
of forced vibration. The sound emitted is, therefore, intensified. In some 
musical instruments like sitar, esraj etc., in addition tothe main string, several 
side strings tuned to different notes are provided. Whena note is played on the 
main string, the side string tuned to that particular note is thrown into resonance. 
Both the intensity and the sweetness of the note are thereby enhanced. 

Ifa vibrating tunning fork is held over an empty cylindrical tube and then 
water is gradually poured into the tube, it will be found that when the surface of 
water reaches a particular level, an intense sound is heard. The reason is that 
the air column inside the tube above the water level is set into resonance with the 
vibrating fork when the loud sound is produced. This principle is utilised in the 
production of musical sounds in wind instruments where resonance takes place 
between the vibrations of air columns and of small vibrating reeds. 

The most familiar example of mechanical resonance is provided by the x 
ofa swing. A large amplitude of swing is developed only when the series o 
pushes is given with a frequency equal to that of the swing. ? i 

Every structure can vibrate with its own natural frequency. While pers 
over a bridge, soldiers break steps, for otherwise, an accidental nei p 5 
frequency of their regular footsteps with the natural frequency Pa E i s Pod 
take place. This would set in resonance and consequently the bridge s Fa 
with a large amplitude may collapse. The Tacoma Narrows Bridge E * sa 
of Washington of U.S.A, collepsed due to resonance generated i t ard [ 
wind. Due to this reason, in designing a structure arty periodic force y 
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act on it is always taken into account, It is so designed that its natural frequency 
should never become equal to that of the periodic force. 

Demonstration Experiment : This experiment was devised by Barton, A 
cord is stretched a bit loosely between two rigid supports [Fig. 22:117. A 
STRING ' number of light pendulums made with small 
Paper cones and strings of different lengths 
varying from 25 to 75 cm. are suspended 
DRIVER from the cord. Due to the small mass, the 
PENDULOM motion of such a pendulum is beavily 
damped. Damping can be reduced by 
loading each paper cone witha small wire 
ring. A pendulum with a heavy bob and a 
length of 50 cm. is suspended from the same 
string. This acts as the driver pendulum, 

When the driver pendulum is set into vibration in a plane perpendicular to 
the plane in which all the pendulums are hanging, its motion is transmitted by the 
cord to the Paper-cone pendulums, They also begin to vibrate. At first these 
vibrations.are somewhat irregular ; ultimately all the pendulums vibrate with the 
same frequency as. the driver but with different amplitudes. The pendulums are 
then executing forced vibrations. 

Out of these pendulums, one whose length equals that of the driver pendulum, 
vibrates with the largest amplitude. This is so because their lengths being 
identical, the natural frequency of that Paper-cone pendulum is equal to thc 
frequency of the driver pendulum, Hence, resonance occurs between the two. 


PAPER CONE 
PENDULUM 


WIRE RING 
Fig, 22:17 : Barton’s Pendulums 


dulums vibrate with much reduced amplitudes and the p 
is found to be less pronounced. 


© EXERCISE e 
[4] Eesay type questions 


l. Distinguish bet ‘periodi ion’ ‘ai r JM : 
MEM gu ween a ‘periodic motion and a ‘simple harmonic Motion’. Explain with 


2. What do you understand by simple harmonic motion? Definea 


velocity and acceleration of a particle execu- 
m a light Spring is depressed slightly and then 


7. Givea precise definition of simple harmonic motion and discuss hi 
1e simple pendulum is simple harmonic. tad Tne M ; 
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8. A U-tube is partially filled with a liquid. When the liqui ide i 
9 " . quid on one side is sl 
depressed blowing gently down that side, show that the liquid levels in both the sides pin cad 
execute S. H. M. Hence obtain an expression for its periodic time, 
9. Show how can a S. H. M. be represented graphically. 
A particle is subjected simultaneously to two simple harmonic vibrati 
t à ions of the same peri 
and phase but of different amplitudes acting along the same line. Show graphically gn 
resultant motion is simple harmonic and find its amplitude and phase. j 
10. Obtain the resultant of superposition of two S, H. Ms. int à i i 
period but opposite phase and different amplitudes. Aika vee lino Tide sanio 
11. Describe graphically what are meant by free and damped vibration, Explai 
m . H ‘4 l 
vibration of a body is said to be (a) critically damped and (b) over-damped CEPR 
12. What are meant by forced vibration and resonance? Explaii 1 
; xplain with sui 
Describe one experiment for demonstrating the phenomenon of resonance, "Aus eee 
13. What is resonance? Explain resonance with a suitable example. Discuss the condi 
tion under which the forced vibration produces resonance, [ Jt. Entrance *50 1 
14. Explain what you understand by the term phase of a particle executing a ade 
motion and how it is expressed. Discuss whether the period of a simple pendulum should 
increase or decrease when the amplitude of vibration is appreciably increased (above 4°), 
E f : [ 7t. Entr ` 
15, An external periodic force is applied on a particle executing damped S. H. M. Dian 
graphically the relation of the resultant amplitude with the frequency of the applied force and 
hence obtain the condition for resonance, 
16. ifthe earth were a homogeneous sphere ard a straight hole were bored in it th i 
: rou ts 
centre, show that a body dropped into the hole will execute a S. H. M. and calculate Hp s 
period of its vibration, 
17. In the Question 16, even if the hole does not pass through the centre of the earth, pro 
vo 
that a body dropped fn the hole will execute a S. H. M. and the time period of its cession 
will remain the same. 
18. Ifthe period of revolution of the earth about its axis is the same as the period of oscilla- 
tion of the body in the Question i6 or 17, show that a man at the equator feels himself 


weightless, 


[B] Short answer type questions. 


1. When the base of a vibrating tuning fork is pressed against a table the mtensity of the 
sound is very much increased. Explain how this extra energy is obtained and show that the 
principle of conservation of energy is not violated. { Jt. Entrance "75 ) 

2. ‘All simple harmonic motions are periodic, but dll periodic motions are not simple 
harmonic, Explain the statement, . 

3. A wrist watch and a pendulum clock keep same time on the earth. If they are taken to 
the moon, will they keep same time ? Why? What change in the length of the pendulum 
would be necessary so that both of them keep the same time 7 

4. Give one example -of a transverse, a longifudinal or a torsional vibration. 

5 You havea light spring, a metre scale and a known mass, How will you find the time 
period of oscillation of the mass attached to the spring without the use of a clock ? (1.7.7. *74] 

6. A carrom sttiker hits the edge of a smooth (frictionless) board perpendicularly, bounces 
back and strikes the opposite edge, bounces off it, aud continues back to the opposite edge, and 
so forth. Is the striker moving with simple harmonic motion ? Justify your answer. 

7. A point mass m is suspended at the end of.a massless wire of length / and cross section 
A. If Y is Young's modulus for the wire, obtain the frequency of oscillation for the simple 
harmonic motion along the vertical line. [7. 7. T.'78] 

8. Explain with reasons the following :— 
() While marching over a bridge soldiers break steps. 
(ii) In sitar or esraj, in-addition fo the main string, several side strings ate provided, 
(ii) Stringed musical instruments are provided with a hollow box, 
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[C] Simple Problems, 


1, The equation of a simple harmonic motion is x—15 sin (12071—0:25) cm. What are the 
(a) amplitude, (b) period, (c) frequency and (d) initial phase of the motion ? 
: [ Ans. (a) 15 em. (b) sh sec. (c) 60 c. p. $. (d) —0:27 rad. | 
2. Write the equation of a simple harmonic motion with an amplitude of 5 cm,, if 300 
oscillations are performed during one minute and the initial phase is 60°. 
j [ Ans. xe 5 cos (10st4-m/3) ] 
3. In what time after its motion begins will a point oscillating according to the equation 
x=12 sin 0:5zt move from the position of equilibrium to the maximum displacement ? 
{ Ans. 1 sec. } 
4. A2kg. body vibrates in S. H. M. with an amplitude of 10 cm, with a period of 3-14 
sec. Find the acceleration end the velocity (a) at the midpoint, (b) at the end of the path and 
(c) at a point 8 cm. from the midpoint. 
[ Ans. (a) 0, +20 cm./scc. ; (b) 40 cm./sect,, 0 ; (c).32 cm,/sec%., 4.12 em./sec. } 
5. A body weighing 40 gm. vibrates in S. H. M. with a period 4.sec, and an amplitude of 
5cm. Find its velocity, acceleration, K, E. and P. E., (a) at the mean position, (b) at the 
-position of maximum displacement and (c) at a point 3 cm. from the mean position, 
[ Ans. (a) 7:85 cm.[sec. ; 0 ; 1232 erg. ;0; (b) 0; 12:32 om./sec.2:0; 1232 erg. (c) 6:28 
cm./sec. ; 7:395 cm. /sect. ; 788:8 erg. ; 443:2 erg. ] 
6. A particle executing S. H. M. ina straight line has velocities Yı, Ye at distances /,, I, 
"from the centre of its path. Show that if T be the period of its motion, : 


T=2n 4f hèh? 
yg! — yi 


7. Theequation of motion of a point is given by x=6 sin (+ t+ 1 ) em, Find (a) the 


period, (b) the maximum velocity and (c) the maximum accleeration of the motion, 
[ Ans. (a) 4 sec. (b) 942 cm./sec, (c) 14°79 cm.[sec*. | 
8. A particle of mass 250 gm. executing S, H. M. has velocities 150 cm./sec, and 120 
cm./sec., respectively, when it is at a distance 75.cm, and 90 cm. from the centre of its path. 
Calculate its period and amplitude, (Ans. 3-47 sec. ; 111-8 cm. ] 


9. A body of mass 20 gm. oscillates according to the equation x=10 cos ( ANELA ) cm 
5 6 ` 


Find the maximum force acting on the body and the total energy of the body. 
Ans. 78:88 dyne., ; i 

10. If a seconds pendulum is oscillating with an amplitude é em., find “snorting rer 
bob as it passes through the mid-point of its oscillation, é [ Ans. 15:7 cm/sec. ] 

11. A simple pendulum of length 2 m. oscillates with an angular amplitude of 4° : Find 
the velocity of its bob when it passes through the position of equilibrium, — [ Any, 30:9 cm [sec.] 

12. What is the ratio between the K., E. of a simple harmonically oscillating point and 
its P. E. for the moments when the dispiacement of the point from the position of equilibrium 

a 


is (1) x (ii) x= 5 and (iii) x=a where a is the amplitude of oscillations, 
Ans. (i) 15:1, (ii) 3: 1, (i) 0 ] 
13. What is the ratio between the K, E. of a simple harmonically Oscillating point and its 


P. E. for the moments of time counted from an extreme point (i) tm (i) tm T and 


(iif) tot where T is the period of oscillation. The initial Phase is zero, 


: [ Ans, G) 153 Gi) 1:1 (i) 3:1) 

14, A body weighing 8 kg. is suspended by a long and light Spiral spring, An added force 
of 1 kg. stretches the spring 10 cm, Calculate (a) the force constant of the Spring and (b) the 
period of vibration of the body if pulled down a little and then released, 


[4ns. 9:8x10« dyne/cm, ; 1*8 sec, | 


| 
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15. A body having a mass of 10 gm. executes S. H. M. When the displacement of the 
body is 4 cm., the force acting on it is 8 gm. wt. Calculate the period. If the maximum velocity 
is 280 cm. per sec., find the amplitude and the maximum acceleration. 

[ Aas. 0°45 sec., 20 cm., 3920 cm.,/sec.* } 

16. A simple pendulum, 80 cm. long, swings to and fro through a distance 4 cm. Calculate 
its velocity at its lowest point, its acceleration at its highest point and the period. 

[ Ans. 7 cm./sec., 24:5 cm./sec.*., 1:8 sec. ] 

17. A40 gm. body hung on a spring causes it to elongate 1 cm. When another body is 


- hung on the spring and set into oscillation, its period is 0'628 sec. What is the mass of the 


second body ? [ Ans. 392 gm. | 
18. Determine the maximum speed of the prong of a tuning fork of frequency 250 when 
vibrating with an amplitude of 2mm. What fraction of the energy of vibration is lost when 
the amplitude has decreased to 1 mm. ? [ Ans. 314 cm,/sec., 0°75 } 
19. A body of mass 3 gm. performs S. H. M. with a period of 4 sec. and an amplitude of 
5cm; Determine the maximum velocity and maximum acceleration. Calculate also the 
velocity and acceleration when it is one-twelfth period from one extremity. Find the net force 
on it at this position. 
[ Ans. 7°85 cm,/sec,, 12:32 cm./sec.*, 3:925 cm./sec., 10:67 cm./sec*., 32. dyne J 
20. A 49 gm. body vibrates in S, H. M. with a frequency of 24 vib./mim. and an amplitude 
of 12 cm. Calculate the restoring force at the instant its displacement is 5 cm. [Ans. 1546 dyne) 
21. A ball of mass 10 gm. oscillates with a frequency of 4c. p s. when suspended from a 
spiral spring of negligible mass. When the ball is hanging at rest, how much downward pull 
is needed to stvetch the spring an additional 2 cm. ? [ Ans, 1:262x10* dyne ] 
22. A mass of 200 gm. when hung on a long and light spiral spring stretches it 8cm. 
Calculate the period of vibration if pulled down a little and then released. — [ Ans. 0°57 sec. ] 
23. Equation of motion of a particle executing S. H. M. is 3f+12x=0. Calculate the 
angular velocity of motion. [ Ans. 2rad,/sec. ] 
24. A heavy brass sphere is hung from a spiral spring and executes vertical oscillations with 
period T, The sphere is now immersed in a non viscous liquid with a density one-tenth that of 
brass, What will be its period when it is set into vertical vibrations with the ball remaining 
inside the liquid all the time ? [Ans. T] 
25. A wooden block of uniform cross-section 10 sq. cm. floats upright in water. The 
volume of the immersed portion of the block is 200 cc. Ifthe block is slightly depressed and 
then released, find the frequency of its oscillation. ( g=980 cm,/sec.*). (Jt. Entrance '83 ) 
5 [ Ans. x] 
26. A particle is dropped down ina deep hole which extends to the centre of the earth. 
Calculate its velocity at a depth of one kilometre from the surface of the earth. Assume g= 
10 m./sec? and radius of the earth —6400 km. [ Ans. 141:4 m,/sec. ] 
27.. A helical spring elongates 10 cm. when subjected to a tension of 5x 10° dynes, Find 
the mass which should be attached to the bottom of the spring so that when pulled down and 


ill vi i i i i locity when 
released the mass will vibrate exactly twice per second. Find also its maximum ve! 
the amplitude of vibration is 1 cm. (Jt. Entrance '79) [ Ans. 3165 gm ; 12:56 cm,/sec. ) 


[D] Harder Problems. 


f mass 10 gm. executes S. H. M. with amplitude 5 cm. and total energy 320 

m ete vi setae pga ve if its initial phase is 45°, [ Ans. x=5 cos (1:61--0:257) ] 
2, A body executing S. H. M. has an amplitude of 12 cm, and period 2sec. Calculate the 
time taken by the body to trayel a distance of 6 cm. from its rest position. [dns, 0°167 sec. ] 
3. Ifa particle executing S.H. M. has amplitude 20 cm., and time period 25 sec. what are 
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the phase and displacement of the particle at a time 30 sec. after a passage of the particle 
through its extreme point ? [ Ans. 127/5, 6:18 cm. ] 

4. The initial phase of a S. H. M. ofa particle is zero. If the particle starts from an 
extreme pogat then after the elapse of what fraction of the period will the velocity ofthe point 
be.equal to half its maximum velocity. { Ans. 1/12] 

5. Write down the eqn, of S. H. M. of a point, if the maximum acceleration of the point 
is 98:7 cm./sec.*, the period of oscillation 2 sec, and the displacement of the point from equili- 
brium at the time when counting began is 5 cm. [ Ans. x=10 cos (at+-7/3) ] 

6. The total energy of a body executing S. H, M. is 600 erg. and the maximum force acting 
on it is 150 dyne. If the period is 4 sec. and the initial phase is 60°, write down the equation 
of motion of the body. Calculate also its mass, 


[ 4ns. x=8 cos (3) cm.; 761 gm. ] 


7. Aleád sphere suspended from a spring executes vertical oscillations. How will the 
period of oscillation change if an aluminiumt sphere of same size is attached to the spring 
instead of the lead sphere. Given, sp. gr. of lead — 11:3, of aluminium --2:6. 

[ Ans, 0:48 of the period with lead sphere. ] 

8. A test tube of external diameter 2 cm, contains some lead shots. he total weight of 
the loaded test tube is 40 gm. The test tube floats vertically in a liquid. If it. is now slightly 
pushed into the liquid and then released, it oscillates with a period of 1 sec, What is the density 
of the liquid ? Assume the oscillation of the test tube be undamped. [ Ans. 0:513 gm,/c.c. ] 

9. A spring elongates 2 cm. for a load of 80 gm. A body of mass 600 gm. is attached to 
the spring and displaced 8 cm. from the equilibrium position. Calculate the potential energy 
of the system in this position. From consideration of energy, determine the speed of the body 
when it is 4 cm. from the equilibrium position, [ Ans. 125:4 x 10* erg ; 56 cm./sec. ] 

10. A body of mass 6 kg. executes S. H. M. with an amplitude of 15 cm. The restoring 
force is 50 newton for a displacement of 12 cm. Calculate (i) its period (ii) maximum velocity 
(iii) the acceleration and its K. E. and P. E. when the displacement is 9 cm. 

[ Ans. 0:754 sec., 1:25 m./sec., 6:25 m./sec.?, 3 joule, 1:7 joule ] 

11, A horizontal platform moves up. and down in S. H. M. with an amplitude of 1 cm. 
What is its smallest period for which articles placed upon it will remain steadily in contact 
with it ? [ das, 0:2sec.] 

12. Ifa particle P moves to and fro in a straight line between two fixed points A and B in 
such a way that its K. E. is always directly proportional to the product AP. PB, show that 
its motion is simple harmonic, 

13. A particle describes S. H..M. with an amplitude 10 cm, and period 6 sec. Calculate the 
time that elapses as the particle passes through the points which are distant 8 cm. and 4 cm 
from the centre of oscillation and are on the same side of it. [ Ans, | 0:492 sec. | 

14. A particle is performing a simple harmonic motionof a period T abouta centre O and it 
passes thrÓugh a point P with velocity v in the direction OP ; prove that the time which elapses 
before its return to P is (T/7) tan? (vT/2z. OP). ( London Univ. ) 

15. An ideal gas is enclosed in a vertical cylindrical container and supports a freely 
moving piston of mass M. The piston and the cylinder have equal cross-sectional area A. 
Atmospheric pressure is p, and when the piston is in equilibrium the volume of the gas is V, 
The piston is now displaced slightly from the equilibrium position, Assuming the system is 
completely isolated from its surroundings, show that the piston executes siniple harmonic 


motion and find the frequency of oscillation. CL £L T.'81) 
A | yp. 
[Ans 2n MV, ] 


P 3 WAVES 


CHAPTER 


23-1. Progressive Waves. 


It is a common experience that if a stone is thrown into a pool of still water, a 
series of waves spread out in gradually widening circles from the point where the 
stone entered the water. A floating piece of wood is found to move up and 
down as the waves sweep past it. ‘This indicates that in this process, some energy 
has been imparted to it. If the oscillatory motion of the wood is carefully 
observed, it will be found that it does not move along with the waves but executes 
up and down motion at the same place. 


These observations indicate that a disturbance is created at the point where the 
stone enters the water and the particles of water at that point are set into up and 
down oscillatory motion. This motion is then imparted to the neighbouring 
particles because of cohesive fofces. So these particles also begin to execute the 
same type of motion. They in turn set into motion their immediately neigh- 
bouring particles and so on. Inthis way the disturbance proceeds along the 
surface of water, and this is called a ‘progressive wave’. Only the form of the 
disturbance moves forward ; the particles of water vibrate’ up and down about 
their mean positions of rest but they do not move forward along with the waves. 
If this were not so, the floating piece of wood would have been found to be 
advancing with the waves. It is obvious that as the water particles are set into 
motion, some energy is communicated to each of them. We thus conclude that 
energy imparted by the stone to the water particles is transmitted from one point 
to other by means of waves without any actual flow of water in the direction of 
waves. The above discussion are quite general and holds for all kinds of waves. 
We thus define a progressive wave as a disturbance that moves through a 
medium transferring energy from one point to another without any'physical trans- 
port of the material between the points. 


Asa wave propagates through a medium, the particles of the medium are 
thrown into identical type of oscillatory motion about their mean positions of rest. 
But such motions are not performed simultaneously. Each particle of the-medium 
begins to vibrate a little later than its immediate predecessor. 


From the above discussion we can also conclude that a wave propagates 
through a medium due to the action of the successive particles of a medium on. 
each other. The force exerted by a particle on its immediate neighbour comes 
into play due to the elastic property of the medium. In other words, sucha 
wave can only pass through an elastic medium. It is, therefore, called an elastic 
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wave. Actually, if the particles ofa medium can vibrate independently of each 
other, no wave would propagate. 


23:2. Types of waves. 


Several types, of waves are possible. One type is distinguished from. the other 
according to the nature of the motions of the individual particles of the medium. 
If the motion of the particles be simple harmonic, then the corresponding wave is 
called a simple harmonic wave or a sinusoidal wave. A simple harmonic 
wave may be of two types viz. (i) transverse and (ii) longitudinal. 

Transverse wave: When the motions of the particles of the medium are 
perpendicular to the direction of propagation of the wave, the wave is called a 
transverse wave. The water waves discussed above provide an example of such 
transverse waves. If one end of a long cord is fastened to a support and the other 
end is moved to and fro perpendicular to its length, transverse waves will be 
generated and will proceed towards the fixed end. Transverse waves are also 
produced when a stretched string is struck or plucked. Light, radiant heat and in 
fact, all electromagnetic waves are transverse in nature. 


Fig. 23:1 represents the successive stages during the propagation of a 
transverse wave through a^medium. A, B, C, D., etc. represent particles which 


1 
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Fig. 2331 : Transverse progressive wave 


are moving vertically with S.H.M., their mean positions of rest being situated on 
the straight horizontal line. Each particle is vibrating with the same period and 
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amplitude. The arrows indicate the magnitude and direction of the velocity of 
each particle. Af any instant, the curved line joining all the vibrating particles 
gives the form of the wave and is also known as the wave curve. Inspection of 
Fig. 23:1 (a) shows that it is a sine curve. This figure represents the situation at 
a particular instant when the particle 4 is passing through the mean position of 
rest in a downward direction with the maximum velocity. The particle B is also 
moving downwards but with a somewhat smaller velocity while the particle C is 
at the end of its path and is momentarily at rest. The next three particles D,E,F 
are moving upwards, while the fourth one G is momentarily at rest and so on. 
From analogy with waves on the surface of water, the topmost point C is called a 
crest and the lowest point G is called a trough. The Fig. 23-1 (b) shows the 
situation quarter of a period later. The particle 4 has reached the downward 
extreme point of its path and is at rest at that instant. The particle D has already 
been at the top and is now. moving downward. The particle E is now at the 
topmost position and is momentarily at rest and so on. It is obvious that the crest 
of the wave which was previously at C is now at E. Similarly, the wave curves 
can be constructed after 4, $ and J period from the start [Figs. (c), (d) and (e). 
Study of these figures shows that as the motion of the particles continues, the wave 
travels more and more to the right and during one period a crest which was at 
C [Fig. (a)], has moved to I [Fig. (e)]- t should also be noticed that though each 
particle is performing exactly the same motion, every one of them is lagging be- 
hind its predecessor to the left: Because of this, a small- phase difference exists 
between any two consecutive particles [in the figure, the valuehas been chosen to be 


45° or radian]. Greater the distance separating any two particles, larger will be 


the phase difference between the two. 

It should be noted that wave curve gives displacements at a particular instant 
of all the particles lying long the line of propagation of the wave. It is, therefore, 
called the space-displacement curve. But each particle is executing S.H.M.' 
about the mean position of rest, Hence ifwe plotthe displacement of any single 
particle against time, then also a sine curve results. This is called the time dis- 
placement curve of the particle. Thus the time-displacement curve of a particle 
of the medium in which the wave is : 
propagating is exactly identical with the 
spacedisplacement curve. 

Ina transverse wave, the different 
layers ofthe medium move tangentially . 
with respect to each other and hence 
the force exerted by one on its immediate 
neighbour is a shearing force. ‘These 
forces can exist in solids and to a smaller 
extent in liquids, but not in gases. Hence 
a transverse wave does not travel 
through a gas. Fig. 23:2: Wave machine 

Demonstration Experiment : Transverse waves can be demonstrated with 
the help of an instrument known as wave machine [ Fig. 25:2]. At one end of 
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each ofa number of straight vertical rods, a small ball is attached, while the other 
end of each rests on a wheel. The wheels are fitted eccentrically to a common 
spindle which can be rotated by a handle. When the handle is turned, the wheels 
rotate and each ball executes up and down motion but waves appear to move 
towards right or left, depending upon the direction of rotation of the wheels. 


Longitudinal wave : When the motions of the particles of the medium are 
parallel to the direction of propagation of the waye, the wave is called a longitudi- 
nal wave. 

Fig. 23:3 illustrates the propagation of a longitudinal wave through a 
medium. In Fig. (a) the vertical lines represent the undistributed positions 
of the layers of the medium, equidistant from each other. Fig (b) shows their 
positions at a given instant when a longitudinal wave is passing through the 
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Fig. 23:3 

medium from left to right. The dots represent their undistributed positions. In 
this case since each particle of the medium vibrates about its position of rest 
parallel to the direction of propagation of the wave, no crests or troughs are 
produced. But in course of their movements, the particles come closer together 
in some places than their normal seperation in the medium and a compression is 
formed, In other places the particles move farther apart than their normal 
seperation and a rarefaction is. formed. Obviously a region of compression 
represents a condition of high density and pressure while rarefaction represents a 
condition of low density and pressure. As the particles go on vibratin about 
their mean positions, the waveform as a succession of compressions and sadi 
travels forward through the medium. No bodily transfer of the medium is, the 
fore, involved in such propagation of longitudinal waves. E Gd 

We have already seen that the actual shape of a transverse wave is given by a 
sinc curve. The form of the wave cannot be so obtained in the case of a fei ii 
dinal one as the line joining the actual positions of the particles will be a ‘ine ht 
line along the direction of wave propagation. However, such wave may be re él 
sented diagrammatically by a sine curve in the following way. The inei 
of the particles at a given instant are plottedin the ordinate against their mean 
positions shown in the abscissa. Such a curve is known as the displacement curve 
for the wave. This is shown in Fig. (c) where the displacements have been 
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plotted on a magnified scale. In drawing the curve the displacements of the 
particles to the right of their mean positions are taken as positive and those to the 
left as negative. The figure shows that it isa sine curve and resembles the actual 
waveform of a transverse wave exactly. It is obvious that each particle excutes 
exactly the same periodic motion but there isa small phase difference between 
successive particles. The figure also shows that each compression extends from a 
crest to the next trough to the right of the crest and each rarefaction extends from 
a trough to the next crest to the right. Thus points of maximum displacement 
represent the boundaries between consecutive compressions and rarefactions. It 
should also be noted from the curve that the points of no displacement are 
ai the centres of the compressions and rarefactions where the effect is most 
pronounced. 

Sound waves are longitudinal waves (for a detailed discussion see Art. 24:1). 
Longitudinal waves are produced when one end of a long spring is made to 
vibrate to and fro along its length or when a long metal rod is stroke by a resined ` 
cloth. 


Longitudinal waves can propagate in any medium because all substances are 
compressible to some extent. Thus solids, liquids and gases are all suitable for the 
propagation of such waves. 


Demonstration Experiment. 


One end of a long spring is attached to a small steel ball fixed at the end ofa 
hacksaw blade [Fig. 23:4]. The other - 
end ofthe spring is connected to a 
rigid support. The hacksaw blade is 
clamped tightly. If the steel ball is 
displaced slightly towards left and 
released, it will begin to execute 
S.H.M. which will be imparted to 


‘the spring. The disturbance will : ; 
———_1-————— | 


roceed along the spring as a i 
agadis t seater agi Karate CU Q0 0 00000) 
2 od * 
alternate compressions and. rarefac- a al 
tions as shown in the lower figure. Fig. 23:4 


23.3. Nature of the medium. 


The nature of the medium has a profound effect on the propagation of waves 
through it. We have mentioned earlier that for propagation of transverse waves, 
the particles of the medium should be able to exert shearing force on their imme- 
diate neighbours. For this reason a transverse wave can not travel through a gas. 
On the other hand longitudinal waves are compressional waves. As all materials 
are compressible, so longitudinal waves may be transmitted through any material 
medium. 

The speed with which a wave propagates is determined completely by the 
elastic property and inertia of the medium. In any particular example, the 
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expression for the speed may be deduced by using the laws of mechanics. In 
general, expressions for wave speed are of the form 


elastic force factor 


wave speed== at DUM 
inertia factor 


A few expressions for the wave speed in some particular cases have been dis- 
cussed in subsequent articles [ vide Art. 23:12, 24:3 ], 


Light, radiant heat, radio waves etc. are transverse waves. Here the 
disturbance is not mechanical but is electric and magnetic. These waves are, 
therefore, not elastic waves but ofa separate type, called electromagnetic waves. 

` For the propagation of electromagnetic waves, the presence of a material medium 
is not absolutely necessary ; they can propagate through vacuum. However, the 
speed of electromagnetic waves depends on the nature of the medium, the speed 
being greatest in vacuum. 


23:4, Characteristics of progressive waves. 
The characteristics of progressive waves may now be summarised as follows : 


(i) Progressive waves are produced by the periodic vibrations of the particles 
of the medium. Such waves may be transverse or longitudinal depending upon 
the motions of the particles. 


(i) Each particle performs exactly the same vibration about their mean 
positions with identical frequency and amplitude. Ifthe vibrations are performed 
in a direction at right angles to the direction of advance of the wave, then the wave 
is transverse. Ifthe vibrations are performed parallel to the direction of wave 
propagation, then the wave is longitudinal. For both types of waves, the dis- 
placement curve is sinusoidal. é 


(i) A small phase difference exists between the motions of successive 


particles. The phase difference is proportional to the distance of separation of the 
two particles along the line of wave propagation. 


(v) The medium.as a whole does not proceed along the direction of wave 
propagation. It is the waveform which advances in that direction. Progressive 


waves, therefore, transfer energy from one place to another without any physica! 
transfer of the medium, 


(v) The velocity with which the wave propagates is different from the particle 
velocity. The velocity of waves is a constant for a particular medium and is 
determined by the elasticity and density of the medium. ‘The velocities of the 
particles change continually being maximum at the mean positions and zero at 
their extreme positions. 


28:5. Some terms and definitions, 


(i Amplitude: The maximum displacement suffered by a particle from its 
mean (or equilibrium) position when a wave passes through a medium is called the 
amplitude (a) of the wave. This is shown in Fig. 23:5, 
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(H) Wavelength: The shortest distance between any two particles which are 
in the same phase at any instant is called the wavelength (A). Thus in Fig. 23-5, 
A and Eare in same phase; so are B and 
For D and Hor C and G and so on. The 
wavelength is the distance between any of 
these pairs of particles. 

It is obvious that in the case of trans- 
verse waves, the distance between any two 
consecutive crests or consecutive troughs Fig. 23:5 
equals the wavelength. Comparison with Fig. 23:3 will show that in the case of 
longitudinal waves, wavelength is the distance between successive compressions or 
successive rarefactions. See also Fig. 23:4. 


Another important point should be mentioned. Closer examinanation of Fig. 
23-] will réveal that during the time a particle performs one complete vibration, 
the wave travels through a distance equal to its wavelength. 


(iii) Perlod: The time necessary for a particle in the path of the wave to 
execute one complete vibration is called the period (T) of the wave. Obviously 
this is the same as the time required for one complete wave to pass by a given 


point. 


(iv) Frequency: The number of complete vibrations performed in one 
second by a particle in the path of the wave is called the frequency (n) of the wave. 
Since during one complete vibration the wave moves a distance of one 
wavelength, frequency is also. defined as the number of waves passing by any 
given point per second. It follows that n=1/T. 


(v) Velocity of propagation : In a medium, the distance travelled by the 
waveform in one second is defined as the velocity of propagation of the wave or 
simply the velocity of the wave (v) in that medium. 


(vi) Wave front: In a medium through which a wave is travelling, a 
continuous surface passing through points which are in the same phase of vibration 
is called a wave front. 


Ina homogeneous medium a wave travels with the same velocity in all 
directions. So for a point source of wave in a medium, the wave fronts are 
concentric spheres with the source at the centre. Such waves are called spherical 
waves. Ifthe waves are confined to move on a plane, the wave fronts will be 
concentric circles. It is a common experience that when a stone is thrown in a 
pond, the waves spread out as concentric circles with the disturbed point at the 
centre. If the wave fronts are plane surfaces then the wave is called a plane wave. 
At large distances from the source, a small portion of the spherical wave fronts 
may be treated practically as a plane wave front. 


(vii) Ray: The direction of propagation ofa wave is known as aray. 
Hence rays are represented by straight lines with an arrow. Ina homogeneous 
medium, rays are normal to the wave front. 
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23-6. Relation between wavelength, frequency and velocity, 


If n be the frequency and A the wavelength, then by definition a particle of 
the medium completes n vibrations in one second. Since during the time a 
particle completes one vibration, the wave advances through a distance A hence in 
one second the wave travels a distance nA. But this is the velocity » of the wave 
in the medium. 

S. v=nÀ Nue des (23:1) 
or, velocity of wave=frequency Xwavelength. If T' be the period, then 


n=1/T. À 
à=T s Wi (23:2) 

Example 23:1. A wave of frequenty 100 vibrations per sec. has a 
wavelength of 320 cm. Find its velocity of propagation. 

Solution: y=nA—100 x 320—32000 cm./sec. —320 m./sec. 

Example 23:2. 4 body vibrating with a particular frequency generates 
waves having wavelength 20 cm. ina medium A travelling with velocity 160 
m.faec. Calculate the wavelength of the wave it will generate in another medium 
B propagating with velocity 240 m./sec. 

Solution: Let m be the frequency of the wave common to both media. 
Then Yan X24 and vgznx2Ag 


2377, Equation of progressive wave, 


As a wave advances through a medium, its particles execute S.H. M. about 
, their mean positions. At any instant f, the displacement of a particle is then given 


by 5 

y=a sin wt wae T (23:3) 
where a is the amplitude of vibration and o=2nn=2n/T, n being the frequency 
and T the period of the vibrating particle. 

Now although every particle of the medium is executing identical vibrations, 
they are not all in the same phase. If the wave is assumed to be travelling in the 
positive direction of the x-axis i.e., from left to right, each particle lags behind 
its predecessor to the left. So at the same instant t, the displacement of another 
particle at a distance x to the right of the above particle is given by 

y=a sin (w—t0) Yn jt (23:4) 
where 0 gives the lag in phase, Now the phase difference between two particles 
separated by a distance of one wavelength i.e., A is 2m. 


Hence, o= 22 x 
Substitution in the eqn. (23:4) gives 
: E S Ne 
=a sin 2v (F +) an ug (23:5) 
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This gives the equation of the progressive wave. If x is assigned a particular 
value, we get the equation of motion of the particle at that point. Again for a 
particular value of f; the equation gives the shape of the whole wave at that 
instant. It is also evident from eqn. (23°5), that both y vs. x (i.e., space-displace- 
ment curve) and y vs. f (i.¢., time-displacement curve) plots are sine curves. 

Since v=nA=)/T, we can write the above equation as 


y=a sin 2 vt—x ) eee (23:6) 
=a sin 20i x zm (23:7) 


Instead of a sine function, we can as well represent a S.H.M. by a cosine 
function. In that case exactly similar equations for a wave will be obtained ; only 
the sine function has to be replaced by the cosine function. ‘ 

Example 23:3. The equation of a progressive wave is given by y=8 sin 
(140 t—0:08 nx) where x and y are in cm. and t in sec. Find the amplitude, 
frequency, speed and wavelength of the wave. 


Solution : Comparing with the eqn. y—a sin (72! m) of a progres- 
sive wave, we get, : 
(a) Amplitude a=8 cm. 


(b) 27— 140r n T= ste; 


- frequency n==10 C.p.s. 
(e) pO 0-08 
uc ab 
.. wavelength A= 7008 779 cm. 
(d) speed y=nA=70 x25 —1750 cm./sec. 
A =17'5 m./sec. ; 
Example 23:4. Find the phase difference of two points 1 m. apart lying on a 
ray if the wavelength is 2 m. 
Solution ; Phase difference guit Lin =n rad. 


Example 23:5, Find the'displacement from the position of equilibrium ofa: 
point lying at a distance x —A/6 from the source of oscillations for the moment 


t=T7/3. The amplitude of oscillation is 20 cm. 


Solution: Displacement y=a sin gx -m 


QnT 2m. 
3xT 6x4 
=20 sin 2/3 
= 17°32 cm. 


==20 sin 


—— mme 


510 ELEMENTS OF HIGHER SECONDARY PHYSICS 


Example 23:6. The equation of simple harmonic ‘oscillations of a source is 
y=15 sin 100 mt cm. (a) Find the equation of the wave emitied, if it propagates 
with a velocity of 300 m./sec. (b) Write the equation of oscillation of a point 
at a distance of 150 m. from the source. (c) Write the equation of oscillation of 
the points of the wave at a moment —0:04 sec. after the oscillation begins. 


Solution : From the given eqn. we get, w= 100r 


Qe Oma vide 
tee ao 


Hence A= vT ==300 xq m.=600 cm. 


(a) The eqn. of the wave is 


um 27x 
=F ( 00nt— —— j 
y=15 sin 100mt eoo ] 7? 


215 si 100m — 7% 
sin ( Ort 35 ] 9 
(b) Here x=150 m.z:150x 10? cm. 

The eqn. of oscillation of the point is 


y=15 sin ( loori aA R eee cm. ` 


=15 sin (100 71—507) cm. 
(c) The eqn. is 
15 sin ( 100r x 004 TE 
y 1 m x 0:04 7300 cm. 
=15 sin ( dn cm. 


Example 23:7. i The equation of simple harmonic oscillations of a source is 
y=10 sin 20 mt cm. Find the displacement from the position of equilibrium, the 
velocity and the acceleration of a point 10 m. away from the source of oscillation ° 
for a moment t —3 sec. after the oscillations begin. The oscillations propagate 
with a velocity of 200 m.[sec. 

Solution.; lrom the given eqn. we get, w==207 

2m. 
T: wp e 
Hence A=vT'=200 x 1.20 m.=2000 cm. 


For the given point x=10 m.=1000 cm. 
The eqn. of oscillation of the point is 
> 2m 1000) 
=10 sin ( 20m — XD 
y sin | 20t 3000 | ™ 
=10 sin (20m—7) cm. 
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At t—3 sec. 
(a) the displacement of the point is 


y=10 sin (207 x 3—7)=10 sin 597 —0 
(b) the velocity v=wy/ q$—y* 
=207x 10 [*' @a=10cm. } 
=628 cm./sec.=6°28 m./sec. 
(c) the acceleration fe=wy=0. 


23:8, Reflection and Refraction of waves. 


When energy in the form of wave is incident on the boundary separating two 
homogeneous media, (i) a part is reflected back into the first medium without 
any change in speed or wavelength and (ii) the rest is transmitted into the second 
medium. 

In discussing the reflection of waves, it is convenient to make use of the concept 
of rays. In Fig. 23:6, RR’ represents the reflecting surface on which a wave 
travelling in the direction AB is incident 
obliquely. Thus AB isthe incident ray. After 
reflection, the wave travels in the direction BC, 
so that BC is the reflected ray. We draw BN 
normal to the reflecting surface at the point of 
incidence B. The angle between the incident ray 
and the normal is called the angle of incidence 
i and the angle between the reflected ray and 
the normal is called the angle of reflection r. 
It is found that waves are reflected according. Fig. 23:6. Reflection of a wave 
to two laws as stated below : 

(i) The angle of incidence and the angle of reflection are equal (i=r), and 

(ii) The incident ray AB, the reflected ray BC and the normal BN to the 


reflecting surface at the point of incidence lie on the same plane, called the plane 
of incidence. These laws are known as the laws of reflection. 


Students are already familiar with these Jaws in the case of light. These laws 
are, however, true for all types of waves. For example, water waves on the 
surface of a pond get reflected from its edge obeying the same law. Sound waves 
are also reflected in accordance with the above laws giving rise to the phenomena 
of echo, reverberation etc. This property of sound waves is utilised in the cons- 
truction of stethoscopes, speaking tubes, horns etc. 

When a wave is incident on the boundary of two homegeneous media, the part 


of it that is transmitted into the second medium travels with a riew velocity, a new 


wavelength and except in the special case when the incidence is normal, in a 


new direction. This change of 


As in the case of reflection we shall also discuss the phenomenon of refraction 


512 1 ELEMENTS OF HIGHER SECONDARY PHYSICS 


of waves in terms of rays. In Fig. 237, RR’ represents the surface or separation 
ofthe two media, (1) and (2), and is called the refracting surface. A wave 
travelling in the first medium in the direction 
AB is incident obliquely on RR' at B. Hence 
AB is the incident ray. After refraction, the 
wave travels in the direction BC through the 
second medium. Thus BC represents the 
refracted ray. NN’ is drawn normal to RR’ 
through the point of incidence B, The angle 
between the incident ray and the normal is 
called the angle of incidence i and the angle 
between the refracted ray and the normal is 
called the angle of refraction r. It was found 
that the waves are refracted obeying the 


‘Fig. 23:7 : Refraction of waves 


following two laws : 


(i) The incident ray AB, the refracted ray BC and the normal NN' to the 
refracting surface at the point of incidence lie on the same plane. 


(i) Sine oftheangle of incidence bears a constant ratio to the sine of the 
angle of refraction, i.e., : 


sin i 
i ==constant==p (sa: 
um p (say) 


where p is called the refractive index ofthe second medium with respect to the 
first medium. Obviously, the value of » depends on the nature of the two media. 
The two laws, stated above are known as laws of refraction, of which the second 
one is particularly termed as Snell's law after the name of Snell, who first dis- 
covered it. Itcan be proved that ‘he constant p is equal to v,/y, where y,and 
vq are the velocities of the wave in the first and the second medium respectively. 
Thus, Snell’s law takes the form 


er |S oe 
sinr V5 2x sf ( ) 


Now (a) if wv i. e, if velocity ef the wave in the first medium is greater 
than that in the second medium, then from eqn. (2377), 
sin {>sin r or, i»r 
ie, the wave bends towards the normal after refraction. 


(b) Ifv,«v, then from eqn. (23:7) 
; sin i<sin r or, i<r 
i.e., the wave bends away from the normal. 


As in the case of reflection, we think of light when the term refraction is men- 
tioned. In fact, all types of waves exhibit the phenomenon obeying the same 
laws. Thus refraction of sound waves by prisms and lenses of suitable materials 
can be demonstrated. [ for a detailed discussion see Art. 24:8 ]. 
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23:9. Superposition of waves. 


In the foregoing articles we have considered the passage of a single wave 
through a medium. We shall now consider the effect when two or more waves 
proceed simultaneously through the same medium. 

A simple iaw, known as the principle of superposition was put forward by 
Huygens which states that when two or more waves are passing simultaneously 
through the same medium, each wave proceeds independently of the other. In the 
regions in which they overlap, the resulting displacement of any particle of the 
medium is the algebraic sum of the displacements of the particle due to the 
individual waves. ; : 

Let us consider the simultaneous pr pagation ofthe waves through a medium, 
If one of the waves alone would have produced a displacement y, of any particle 
and if the other wave alone would have produced a displacement yg of the same 
particle, then according to this principle, the resultant displacement of the particle 
is given by ree 

yc-yt et e 0 (23:8) 

The independence of the propagation of different waves is borne out by our 
experiences. If two stones are dropped into a pond, each set of ripples passes 
through the other without any change in its shape, direction or speed. The 
sounds of several independent conversations can be heard without any distortion. 
A clear photograph is obtained with a camera which shows that in their passage 
through the shutter ‘opening, the light waves from different objects do not affect 
one another. 

It should be mentioned that for any wave in a material medium, like water 
waves, sound waves etc., the principle holds provided the amplitudes of the waves 
are small. For light waves and other kinds of electromagnetic waves, the principle 
holds rigorously. i 2 

The superposition principle is a most general one and holds good regardless of 
the frequency or the direction of propagation of the individual waves. But we are 
mainly interested in the cases where they have equal or ncarly equal frequencies. 
In the féllowing articles we shall discuss three such cases, namely, stationary or 
standing waves, interference and beats. 


23:310, Stationary waves. 


When two identical progressive waves travelling in the same medium along the 
same straight line with the velocity but in opposite directions are superposed, they 
give rise to a system of waves alternately waxing and waning (expanding and 
shrinking), but not proceeding in either direction. Such waves are called statio- 
nary waves or standing waves. ‘These waves are so called because they do not 
advance through the medium but remain fixed in their position. 

Stationary waves may be produced by both tranverse and longitudinal waves. 
For example, when a string fixed at both ends is plucked, the resulting transverse 
waves travel along the string to both ends and are reflected. These reflected waves 


progress along the string in opposite direction with the same velocity and being 
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identical in all respects with the incident wave give rise to transverse stationary 
waves. Similarly in an organ pipe, the longitudinal waves travelling from one 
end are reflected from the other. Superposition of these direct and reflected waves 
which are identical in all respects but oppositely moving gives rise to longitudinal 
stationary waves. Such waves are also produced when longitudinal vibrations 
are excited in a spring fixed at both ends. 


In the following discussions we shall restrict ourselves to the consideration of 
transverse stationary Waves for the sake of clarity of understanding. It should be 
remembered that all these discussions are equally applicable to longitudinal 
stationary waves, the only difference being that in the latter case the displacernents 
and the velocities of the particles are along the direction of the wave. 


In contrast to a progressive wave, the different particles ina stationary wave 
do not execute identical motions but each executes a S.H.M. with a particular 
amplitude which varies from zero atsome points toa maximum at other points. 
The points at which the amplitude is always zéro Le, where the particle are per- 
manently at rest are called modes. The distance between consecutive 
nodes is always the same and is equal to half the wave length of 
the component progressive waves which produce the stationary wave. From 
one node to the next, the. particles vibrate with amplitudes differing from point to 
point. The amplitude gradually increases from zero, being maximum at the 
points lying halfway between the nodes and then gradually decreases to zero. 
These points at which the particles vibrate with the maximum amplitude are called 

: . antinodes. Obviously, the distance 

Bcc ; between adjacent antinodes is also equal 
to half the wavelength. This maximum 
amplitude is called the amplitude of the 
stationary wave and is equal to the sum of 
the amplitudes of the component progres- 
sive waves. These discussions are illustra- 
Fig. 23°8 : A stationary wave pattern ted in Fig. 22:8 where the points 
N denote the nodes and A, the antinodes. The arrows indicate the displace- 
ments of different particles in either direction from their mean positions. 


In between two nodes, all the particles vibrate in phase with one another i.e,, 
they achieve their maximum and zero displacements at the same time moving in 
the same direction. This region between two consecutive nodes is called a loop. 
In the next loop, the particles also vibrate in unison but differ in phase by 180° 
with those in the former i.e., the particles 
in adjacent loops reach their positions of 
maximum and minimum displacements at N N N N 
the same time but moving in opposite "Wi 
directions. This is illustrated in Fig. 23:9. 

The arrows indicate the magnitude and Fig. 239: Particle velocities 
direction of velocities of the particles at in a stationary wave 

the instant when they all possess zero displacements. In any loops, the arrows 
differ in lengtk but are all in the same direction ; within the next loop, they 
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are directed opposite. In the case of longitudinal stationary waves, it is 
found that maximum variation of pressure occurs at the nodes while at the 


antinodes no change of pressure takes place. 


Formation of stationary waves can be explain 


methods viz., (i) Graphical and (ii) Analytical. 
(i) Graphical Method. 


ed by either of the following 


Fig. 23:10 shows two identical progressive waves travelling along the same 
line in opposite directions. One wave is shown in a continuous line and the other 


ina broken line. Let us consider the time t=0 
at the instant when the two waves are in phase. 
The two waveforms then coincide and from 
the principle of superposition, the resultant 
waveform, drawn on a bold line, is obtained by 
simple addition of their ordinates at every point. 
This is shown in Fig. 23:10 (a). 

One quarter of a period later, at t=T7/4, 
one wave has moved through a distance Af4 to 
the right, while the other has moved through the 
same distance to the left. At every point, the 
displacements corrresponding to the two waves 
are equal and opposite so that there is no resultant 
displacement. This is shown in Fig. 23:10 (b). 
Similarly the resultant waveforms at intervals of 
T/4 can be obtained and are shown in the 
figures 23:10. (c), (d) and (e). 

Study of these figures shows that the resul- 


ting waveform is quite different from that of a ° 


progressive wave. It does not advance but 
remains confined in space. The points marked 
N remain always at rest. These are the nodes. 
Other points vibrate about their mean positions. 
Of these, the points marked A attain the maxi- 
mum value of 7-placements. These are the 
antinodes. The figures also show that amplitude 
ofthe stationary wave is twice the amplitude 


ofeither of the progressive waves, while its. 


wavelength is equal to that ofthe progressive 
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Fig. 23:10: Formation of 
stationary waves 


waves. The distance between two adjacent nodes or adjacent antinodes. is half 
the wavelength. The phase difference of m between the vibrations on the two 


sides of a node is also obvious from the figure. 
(ii) Analytical method. 


The equation of a progressive wave travelling in the positive direction of x is 


given by 
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The equation of an identical progressive wave travelling in the negative direc- 
tion of x is given by, 
atin a (ee 
ye=a sin 2 n +3) 
From the principle of superposition, the resultant displacement y is given by 
y-t» 
Since sin (4+B)=sin A cos B--cos A sin B 
and sin (4--B)—sin A cos B—cos Asin B, we get 
y 2a cos m: sin 2n7. =Asin 2n. HA ET (23:9) 
where A=2a cos 2mx/A. 

Thus each particle executes a S.H.M. with an amplitude A which is constant 
for any particle at a given point but which varies from particle to particle 
depending on the value of x. It follows that at the points for which cos 2mx[A =0, 
ie. x=A/4, 34/4, 5A/4 etc., the amplitude is zero. These are the nodes, thc 
distance between adjacent ones being obviously 4/2. At the points for which 
cos 2nx[Ae- 2b L, ie. x=0, A/2, A, 3A/2 etc., the amplitude is maximum being 
equal to +2a. These correspond to the antinodes which are obviously separated 


by the distance 4/2. The antinodes are also obviously situated midway between 
consecutive nodes. s 


Characteristics of stationary waves, 


The characteristics of stationary waves may be summarised as follows :— 

(i) Stationary waves are produced when two exactly alike progressive waves 
travelling along the same straight line but in opposite directions are superposed. 
Stationary waves may be produced by both transverse and longitudinal waves. 

(ii) These waves do not advance through the medium but remain fixed in 
the region in which the component progressive waves overlap. 

(iii) The particles of the medium do not execute identical motions but each 
executes a S.H.M. with a particular amplitude which varies from zero at some 
points to a maximum at other points. The points at which the amplitude is 
always zero are called nodes and those at which the amplitude is maximum are 
called antinodes. The distance between adjacent nodes or antinodes is equal to 
half the wavelength. 

(iv) In between two adjacent nodes, all the particles vibrate in phase with one 
another but they are in opposite phase with the particles between the next pair of 
nodes. 

(v) The magnitude of the change of pressure and density varies from point to 
point ; the maximum change occurs at nodes while the minimum change takes 
place at antinodes. 


Demonstration Experiments. 


(i) Transverse stationary waves can be demonstrated by the following simple 
experiment. One end of a string passes over a pulley and is attached to a scale 
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_ pan [Fig. 25:1]. The other end is fixed to one prong ofa tuning fork which 
"wwibrates perpendicular to the length of the string. The string is kept in tension by 
pasing suitable weights on the scale 


pan. “when the tuning fork is set -F 9 FEST 
into vibrátion, a progressivc wave BN N 
travels along the string and is reflec- 


ted back from the other end. The Fig. 2311 

incident and the reflected waves superpose and by suitable adjustment} of the 
weights on the scale pan, stationary wave pattern with distinct nodes and 
antinodes can be obtained. The demonstration becomes more effective if an 
electrically maintained tuning fork is used. 


(ii) For demonstrating longitudinal stationary waves, a long spiral of thick 
wire is attached to a hacksaw blade, while its other end is fixed to a rigid 
support [Fig. 23:12]. The hacksaw 


naransan blade is clamped and set into trans- 
verse vibration. Longitudinal waves 


HACKSAW BLADE 
3 proceed along the spring and get 
reflected from the fixed end. On 
Fig. 2312 adjusting the frequency of the vibrating 
blade by changing the point of clamping, a stationary wave pattern can be 
obtained in the spring. 


2311. Distinction between progressive and stationary waves. 


Progressive waves Stationary waves 


(i) These are formed when two 
identical progressive waves travelling 
along the same line but in opposite 
direction are superposed. 

(ii) All the particles of the medium 
except those at the nodes execute 
periodic motions ^ with varying 
amplitudes but identical periods. The 
amplitude of vibration varies from maxi- 
mum atthe antinodes to zero at the 
nodes. 

(iii) Between any two adjacent 
nodes all the particles are in phase with 
one another, but they are in opposite 
phase with the particles between the 
next pair of nodes. 

(iv) The waveform does not proceed 
through the medium but remains con- 
fined within the region in which the 
component progressive waves overlap. 


(i) These are produced by the 
periodic vibrations of the portion of the 
medium. 


(ii) Each particle of the medium 
executes identical periodic motion about 
its mean position of rest. 


(iii) At any instant, the phases of 
the particles along the line of wave 
propagation changes continually. The 
phase difference between any two 
particles is proportional to their distance 
of separation. ; 

(iv) As-the particles are set into 
vibration one after another, a waveform 


proceeds through the medium. 


P-I/34 
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Progressive waves Stationary waves 
(v) At any point of the medium (v) The magnitude of the change 


similar changes of pressure and density | of pressure and density varies from point 
take place as one complete wave passes | to point. During each period, maximum 
through pressure and density, regaining | change of pressure and density take 


their original values after each period. place at nodes while minimum change 
take place at antinodes. 

(vi) During a complete vibration, (vi) ‘Twice in each complete vibra- 
the particles never pass. simultaneously | tion all thé particles reach their posi- 
through their mean positions of rest. tions of rest simultaneously. 

VIBRATIONS OF STRINGS 


2312. Waves in stretched string. 


A string stretched under tension can be made to vibrate either transversely or 
longitudinally. Depending upon the kind of vibration, transverse or longitudinal 
waves are set up in the string. 


'Transverse waves are generated ina string when it is plucked, struck or 
bowed. In all these methods of excitation, a certain portion of the string is made 
to vibrate laterally, whence transverse waves are produced. These waves travel 
along the length of the string with a definite velocity v. It can be proved that 
this velocity is given by 

v= I. 
m 


where T is the tension and m the mass per unit length of the string. 


On reaching the fixed ends of the string, these waves are reflected back in the 
opposite direction and are superposed on the incident wave. Superposition of 
these two identical progressive waves travelling along the string in opposite 
directions gives rise to transverse stationery waves. The spring, therefore, 
vibrates transversely with the formation of nodes and antinodes at definite points 
along its length. 

In a similar fashion, longitudinal stationary waves may be generated . ina 
stretched string by rubbing it along its length with a piece of resined chamois 
leather or wet flannel. 

In stringed musical instruments, however, only the transverse vibrations of 


strings are excited. In the following sections, we shall, therefore, discuss only the 
transverse vibrations of a string. 


23:13. Frequency of transyerse vibration of a string. 


When a stretched string fixed at both ends is set into transverse vibration, 
stationary wave patterns are formed due to the superposition of incident and 
reflected waves travelling up and down the string. Evidently the two fixed ends 
of the string remain permanently at rest and as such these are nodes. In the 
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simplest or fundamental mode of vibration of the string, a single antinode is formed 
at its middle [Fig. 23°13]. The string then vibrates up and down as a whole. 


Since the distance between two consccu- l 
—————— | —————— 


tive nodes is equal to half the length ofa 
wave, we have Geir PAs 
RN N 


l=A/2 
where lis the length of the string. Ifn be Fig. 23-13 
the frequency of vibration of the string, then 


yen 
where v is the velocity of the transverse wave along the string. Butv-—4/T|m ; 


therefore, 
AM ee TES 
A AN m 
= T i i 
or, n=>- — E E: (23:10) 


This expression gives the frequency of the simplest or furidamental mode of 
transverse vibration of a string. 

Ifthe radius ofthe string be rand p bethe density of its material, then 
m-mr!p. Hence 


= TE ik TIR aes 23-11 
n= -y —J9lr ape E. ( ) 


2314. Laws of transverse vibrations of strings. 


The laws of transverse vibrations of strings follow immediately from the eqn. 
(23:10). These were first given by the French mathematician Mersenne in the 
year 1636 and as such are also called Mersenne's laws. 

(i) Law of length: Tension remaining constant, the frequency of transverse 
vibration of a particular string varies inversely as its length. 

Symbolically, n oc1/], when T and m are constants. 

(ii) Law of tension: For a given length ofa particular string, the fre- 
quency of transverse vibration varies directly as the square root of tension, i.e., 
noc4/T, when J and m are constants. 

(iii) Law of mass: For different strings of the same length and stretched 
by the same tension, the frequency of transverse vibration varies inversely as the 


square root of the mass per unit length of the strings. Symbolically, noc v 


when / and T are constants. 
23:15. Modes of vibration of a stretched string. 


Till now we have considered the simplest type of vibration executed by a 
string. Actually a string can vibrate in a number of ways with different fre- 
quencies. These are called the modes of vibration. The one with the lowest 
frequency is called the fundamental mode of vibration. In all modes of vibration, 
there must be a node at each end of the string. 


BP b 
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In the simplest possible mode of vibration, in addition to these nodes at the 
ends,a single antinode is formed in the middle [ Fig. 23:14 (a)] The string 


l EERCTSN then vibrates as a whole. This 

case was discussed earlier. The 

n uc E (a) frequency of vibration n is the lowest 
N TES N and is given by the eqn. (23:10). 


ERES POM ES m (b) This mode of vibration is the 
2n ck de i ate N fundamental. : 


M Ru cR S C RACE © In the next possible mode of 
N N N ii 


vibration one node and two antinodes 


an KEE AA (d) are formed in theintermediate region. 
N N N N N The string then vibrates in two 
Fig. 23.14 : Modes of vibration of segments [ Fig. 23:14 (b). If Ibe 
a streched string the length of the string, then in this 
case |=). Hence the frequency of vibration is given by 


NOESY h 
= E] 
Denm a Seti 


The frequency is thus twice that of the fundamental. 
The next mode of vibration occurs when two nodes and three antinodes are 
"formed in between the nodes at the ends. The string then vibrates in three : 
segments [Fig. 23:14 (c) In this case ]=3A/2 and the corresponding frequency 
is given by 


MK Lees i afe 
"sup 2l J ud 
Hence the frequency is thrice that of the fundamental. In this way the fre- 
quencies of the other modes of vibration can be obtained. 
It is obvious that in, general, if the string vibrates in p segments, the frequency 
of vibration will be p times the frequency of the fundamental and is given by 


21 Nim 
All the modes of vibrations, except the fundamental, are called overtones, 
while those whose frequencies are exact multiples of the frequency of the funda- 
mental are called harmonics. Obviously, all harmonics are overtones but all 
overtones are not harmonics. The fundamental is the first harmonic. Each of 
the higher harmonics is named by the integer by which the frequency of the 
fundamental must be multiplied to give its frequency. 
Thus the mode of vibration with the frequency 2n is the second harmonic or 
first overtone, that with the frequency 3n is the third harmonic or second overtone 
and so on. It follows that in the vibrations executed by a string, 


all the harmonics 
are present. 


In general, when the string is set into vibration all possible modes of vibration 
are present at the same time. The resultant waveform is obtaine 


d b si- 
tion of all these waves and is rather complicated. Il 
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We shall see later that the quality of a musical sound is determined by the 
number of the possible overtones which are actually present and their relative 
amplitudes (vide Art. 24°14). In the case of the sound emitted by a vibrating 
string, the possible overtones present is determined by the location of the point of 
excitation. For example, ifa string is plucked at the middle, this point can not be 
anode. Hence the 2nd, 4th...... etc. harmonics which have a node at the middle 
will become absent. In fact, all the even harmonics will remain absent. So in 
general, we can state that those overtones which have a node at the point of 
excitation cannot be present in the sound produced by a string. This principle 
in utilised by musicians to control the quality of the sound emitted by violin 
type instruments. 

If the vibrating string is touched lightly at any point, a node will be produced 
at this point. Asa result, all the overtones except those which have nodes at this 
point will be suppressed. For example, if a vibrating string is touched at one- 
third of its length, all the harmonics excepting the 3rd, 6th, 9th, 12th, 15th etc., 
which have a node at that point, will be suppressed. While playing the stringed 
instruments, musicians suppress the undesirable harmonics by touching the wire at 
suitable points with their fingers. s 
23:16. Stringed instruments. 

Vibrations of stretched strings are employed to obtain musical sound. These 
musical instruments are called stringed instruments. Usually the strings are made 
of metal or of cat-gut. As the sound emitted by a string is too feeble, the strings 
are mounted on a sound chest (a hollow wooden box which contains air in its 
cavity ). The vibration of the string then induces forced vibration of the sound 
chest and the air inside it, so that a much intense sound is produced. Depending 
upon the manner in which the string is set into vibration, these instruments are 
classified into three distinct categories viz. (1) the plucked string instruments in 
which the sound is produced by plucking the string, e.g., guitar, sitar, etc., (2) the 


struck string instruments in which the string is excited by striking with a hammer 
e.g., piano forte, (3) the bowed string instruments where the sound is produced by 
bowing the string, e.g. violin, esraj etc. The frequency of sound emitted by 
such instruments is.determined by the tension, length and mass of the string. As 
mentioned earlier, the quality of the sound emitted by these instruments depends 
upon the position of the point of excitation of the string, whatever be such modes 
of excitation. Ina piano, however, the hammers strike the strings at certain 
prearranged points. For this reason, a pianist has no control over the quality of 
sound emitted. 

Example 23:8. A steel string 40 cm. long and 02 sq. mm. cross-section is 
set into vibration so as to give its fundamental. If the tension in the string be 
4kg. wt. find the frequency of vibration of the string. | Density of steel—77 
gm.[c.c. ; g=980 cm.[sec.?]. 

Solution: Mass per unit length of the string m—1 x 0'002 x 7:7 

—0:0154 gm./cm. 
From eqn. (23:10) the frequency of the string 
l 4x 1000x980 199:5 c.p.s 


n= 


80 00154 — 


D 
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Exdmple 23:9. A length of wire on a sonometer vibrates in unison with a 
fork of frequency 320 when the tension is 3 kg. wt. If the wire is replaced by one 
of the same material but twice the diameter, what tension would be required so 
that the same length is in unison with a fork of frequency 256 ? 


Solution : Let /, and r, be the length and radius of the first wire. Then from 


eqn. (23°11), 
1 3x10°x : 
Gera Af 3x10 xg vs aS 
32 3i, (i) 


ap 
For the second wire /,=1J; and r;—2r,. Hence 


256 1 Tx 10 xg 


EAER SARRE ^y T (ii) 
where T'is the required tension in kg. wt. Dividing (ii) by (i) 
stv TIS 


or, T=3 x (384 x 2)1—7:68 kg. wt. 


Example 23:10. 4 sonometer wire emits a note of frequency 320. What 
will be the frequency of the note emitted by the same wire, if the tension is 
increased in the ratio 16 : 25 and the length is made 5 times the previous length. 


L— 


Solution: Inthe first case HENRI T, 


2l m, 


In the second case ned T; 
š 2 V ms 
moh (Tym 
n hy T, 1 i Mg 
Here n,—320 ; 4—5l ; m,—ms (the wire being the same) and T, : T,= 
25: 16. 
715—320 x 4«/38—80 c.p.s. 
2317. Sonometer. 


The sonometer is an instrument which is fre 
vibration of a stretched string. It consists essentially of a hollow wooden box S 
upon which a string is kept stretched [Fig. 2515] One end ofthe string is 
fixed to a peg atone edge of the box, 
while the other end passes over a smooth 
pulley at the other edge ofthe box. 
This end of the wire carries a hanger 
upon which known weights are placed. 
By varying the weights, the string may 
be stretched by a tension of any desired 


quently used to investigate the 


Fig. 23:15 : A Sonometer 
value. The string passes over three bridges, two of which A and C are fixed, 


while the third one B slides under the wire. The vibrating length BC of the 
string can be adjusted by sliding this bridge to any desired position. 
In performing experiments with the sonometer, 


the string is adjusted to vibrate 
in unison with the source of sound, usually a tu 


ning fork. This is usually done 


WAVES 523 


by keeping the tension in the string fixed at a desired value and altering its 
vibrating length by sliding the bridge B.' The stem of the vibrating tuning fork 
is placed on the sounding box S and the unison is tested by placing a paper rider 
in the middle of the vibrating length of the string. When the frequency of vibration 
of the string becomes identical with the fork, resonance will be obtained. At this 
stage, as soon as the vibrating tuning fork is placed onthe box S, the string 
vibrates with a large amplitude and the rider is thrown off. Alternatively, this 
unison can be tested by listening to the sounds produced by the fork and by the 
wire and examining whether they are in unison. But this requires the ear ofa 
musician, 


23:18. Verification of the laws of vibration of strings. 


We shall now discuss in short the methods of verification of the law of 
vibration of strings with the help of a sonometer. 


(i) Law of length: Several tuning forks of known frequencies are taken. A 
fixed load is placed on the Hanger so that the string remains under a constant 
tension during the experiment. By sliding the movable bridge, a length J of the 
wire is tuned with a fork of frequency n. This is repeated with the other forks 
and it will be found that the product nX/ is always constant. This shows that 
n cc l/l, when T and m are constants. ' 


(ü) Law of Tension : Another wire, called the reference wire, is stretched 
on the sounding box at the side of the experimental wire. A known tension T) is 
then applied on the experimental wire. A fixed length | of it is selected and the 


vibrating length of the reference wire is adjusted in uńison with it. Let this length 
be J. : 


The tension in the experimental wire is then changed to a value T, anda 
length lą of the reference wire is tuned with the same length Jofit. It is found 
that T,/Ts=/e"/1,°. i 


In the two cases, if n; and ng be the frequencies of vibration of the reference » 
wire and obviously of the experimental wire too, then according to the law of 
length, for the reference wire we have ll —ns[ni- Hence, forthe experimental 
wire we get m/n=vV T;/Te- This shows that n 4/7, when / and m are 


constants. 


(iii) Law of Mass: To verify this, same procedure as in the last experiment 
is adopted with the only difference that instead of changing the tension in the 
experimental string, the experimental string itself is changed by another of 
different diameter or of different material. This is kept under the same tension as 
before. Taking a definite length of the various experimental wires and ‘afterwards 
weighing a known length ofthe wires, the mass per unit length m is determined. 
It will be found that the product lym is always constant. As in the last 


experiment, this shows that noc 4/1/m when l and T are constants. 
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VIBRATIONS OF AIR COLUMNS 


23:19. Longitudinal standing waves in air column. 
In the preceding sections we discussed the formation of transverse stationary 
waves and the possible modes of vibration in a stretched string which acts as a 
. source of sound. Another common source of sound is a vibrating air column 
enclosed in a pipe or tube. The pipe is called closed when it is open at 
one end and closed at the other or open when it is open at both ends. When the 
air column is set into vibration, stationary wave patterns are formed within the 
pipe just as in the case of a vibrating string. But in contrast to a vibrating string, 
the stationary waves formed in. this case are longitudinal in nature. As 
these vibrations are set up within a pipe, a musical sound is produced. The 
particular class of musical instruments, called wind instruments eg., flute, 
bugle, organ etc., utilise this principle. Due to the same reason, a pleasant 
sound is heard when we blow a conch or blow into an empty bottle. 


23:20. Closed pipe. 


If a vibrating body such as a tuning fork is held over a closed pipe, then the 
air near ‘ it gets alternately compressed or rarefied. As a result longitudinal 
progressive waves are generated which travel through the air column to the closed 
end of the pipe. On reaching there, the waves are reflected back towards the 
open end. Thus within the tube there are always two waves—one going from 


ME 4l 4/3 the open end to the closed end and the 
A LA other—the reflected wave—going from the 
| NE. closed end to the open end. These two are 
i A identical waves travelling in opposite 
Pod YN directions. They, therefore, give rise to 
H A longitudinal stationary waves. Since the 
l: h MAN closed end acts like a rigid barrier, the air in 
d ! / contact with it can not vibrate and so a node 
| i A is formed at this end. On the contrary, the 
L ^ air at the open end is able to move most 
id bd freely and thereby gets displaced by the 
| i in maximum possible amount. Thus an 
VN antinode is formed at the open end. 
, FREQUENCY n 5n The several possible modes of vibration 
; (a) (b) of air in a closed pipe are shown in the 


t Pig. 23:16. : Modes of vibration tue 2516. Though the waves are longitu- 

of air in a closed pipe dinal in nature in which the displacements arc 

parallel to the axis of the tube, the figures are 

drawn, for convenience, as if they were transverse. The simplest possible mode of 

vibration is that in which there is a node at the closed. end and an antinode at the 

open end [Fig. 25:16 (a). As the distance between two adjacent node and 
antinode is a quarter ofthe wavelength, we have, 

I—A/4 


WAVES 525 


where / is the length of the pipe and A isthe wavelength of the constituent 
wave. Ifv be the velocity of sound, then the frequency n is given by 
yas y. 

A 4 

This is the fundamental frequency or the first harmonic. 

'The next possible mode of vibration occurs when in addition to the node at 
the closed end and the antinode at the open end, there are one more node and 
one more antinode in the intermediate region [Fig. 23:16 (b)]. Since the disiance 
between a node and an antinode is A,/4, where A, is the new wavelength, it is 
evident from the figure that the length of the pipe is given by J=3),. Hence the 
corresponding frequency is given by 


n= 


The new frequency is, therefore, three times that of the fundamental. This is 
the third harmonic or the first overtone. 

In the next possible mode of vibration, there will be a pair of nodes anda 
pair of antinodes placed evenly along the length of the tube in addition to the 
node at the closed end and the antinode at the open end [Fig. 23:16 (c)]. Obviously 
in this case the wavelength A, is given by the relation =}, and we have for the 

5 y 9v 
corresponding frequency mg s = ap" 

This is the fifth harmonic or the second overtone. Similarly, the frequencies 
of the higher harmonics can be calculated. It follows, therefore, that the possible 
frequencies of vibration for a closed pipe are in the ratio l:3:5 :7 :...etc, 
Hence, only odd harmonics are present. 

From a close study of the above equations, we can conclude that in general if 
the wavelength of the p-th overtone be A,, then 


2p+1 : 
i-Qp*13, ve => 


Hence the corresponding frequency is 


- As the quality of a sound depends upon the number and relative intensities of 
the overtones present, the quality of the sound emitted from a closed pipe lacks in 
fullness. When the air in a closed pipe is set into vibration, the first few overtones 
usually remain present, because higher overtones become gradually fainter and 
fainter. By blowing the pipe more and more powerfully, higher and higher 
overtones are produced and the quality of the sound emitted changes. 


23:21. Open pipe. 
Ifa vibrating body e.g., tuning fork, is held above an open pipe, a train of 


longitudinal waves travel through the air column to the other end where it is 
reflected back. Since the air outside the tube has more freedom of movement 
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_ than that in its interior, we can treat them to be acoustically different media, the 
surface of separation lying at the open ends. This explains such reflection. 
Within the tube, superposition of the exactly identical direct waves and reflec- 
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Fig. 23-17. : Modes of vibration of 
air in open pipe 


` for the length of the pipe I=} i 


24/3 
A 


“ted waves which are moving in 
opposite directions gives rise to 
longitudinal stationary waves. Since 
theair at the open ends possesses 
utmost freedom of movement, maxi 

mum possible displacement is pro- 
duced at these points. Hence 
antinodos are always formed at the 
open ends. The various possible 
modes of vibration of air in an open . 
pipe are shown in the Fig. 23°17. 
In the simplest possible mode of 
‘vibration shown in Fig. 23:17 (a), 
a node is formed in between the two 
antinodes at the open ends. As the 
distance between two adjacent anti- 


' nodes is half a wavelength, we have 


If y be the velocity of sound, then the frequency n is given by 


y 


nz-—-—.—— 


This is the fundamental frequency or the first harmonic. It follows that if the 
open pipe is of the same length as a closed one, the frequency of the fundamental 
in the open pipe is twice that in the closed pipe. The sound produced by an 


open pipe is, therefore, sharper. 


In the next possible mode of vibration, there are two intermediate nodes and 
one intermediate antinode in between the antinodes at the ends [ Fig. 23°17 (b) ]. 
In this case the length of the pipe equals one wavelength, i.e.,/=A,. The corres- 


ponding frequency is given by 


. Thus the frequency is twice that of the fundamental. This is the second har- 


monic or the first overtone. 


The next higher harmonic is produced when in addition to the antinodes at the 
open ends, three nodes and two antinodes are formed in the intermediate region 


[Fig. 23°17 (c)) In this case l= $A, and the frequency Pi AES Sp, 


A, 2I 


This is the third harmonic or the second overtone. . Proceeding in this way the 
frequencies of the higher harmonics can be obtained. 
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In general. if the wave length of the p-th overtone be A,, then 


A 21 
l= 4*1) 54. = — 
Up ) 4 ? pl 
So the corresponding frequency is 
n= — (PFN Y (p41) n 


p 
Thus it is seen that the frequencies are n, 2n, 3n, 4n,...etc., i.e., all the harmo- 
nics are present. The contrast with a closed pipe should be noted, where only the 
odd harmonics are present. Due to this reason, the sound emitted by an open 
pipe is richer and sweeter (i.e. more musical) than that produced by a closed pipe. 
Open pipes are, therefore, most commonly employed in wird instruments, It 
should be nbted that the frequency of the fundamental depends upon the length 
ofthe tube ; greater the length, lower is the frequency. This is utilised in most 
wind instruments, in which various notes are produced by varying the length of 
vibrating air column. This is achieved in a flute by boring a set of holes along the 
pipe, which can be opened or closed at will. Atan open hole an antinode is 
produced and the vibrating air column is terminated there. Thus the note emitted 
by the pipe can be easily changed. 


23:22, Comparison of vibrations of air columns in closed and open pipes. 


The comparison between the vibrations of air columns in a closed and an open 
pipe of equal length is presented in a tabular form :— ; 


Closed pipe 
1, An antinode is always formed 
atthe open end .and a node at the 
closed end. P: 
2. The wavelength of the funda- 
mental is À—4/ and its frequency is 
ne y[4l. 


3. The wavelengths of the overtones 
e 4 i 
present are A5 p+] and their fre- 


quencies are n,»=(2p+1) n. Here p is 
a whole number i.e., p—1, 2, 3 etc. 

4. The possible frequencies of 
vibration are in the ratio 1:3:5:7 
etc. Hence, only odd harmonics are 
present. 

5. 'The quality of the sound emi- 
tted lacks in fullness. 


frequencies ate n, -(p--l) n. 


Open pipe 
l. Antinodes are always formed 
at the open ends. 


2. The wavelength of the funda- 
mental is A==2/ and its frequency is 
n—v[2l. Clearly the frequency ofthe 
fundamental is twice that in the closed 
pipe: 
3. The wavelengths of the over- 
and their 


2l 
tones present are à, — jT: 
Here 
p is a whole number i.e., p=1, 2, 3 etc. 

4. 'The possible frequencies of 
vibration are in the ratio 1:2:3:4:5 
etc. Hence, all the harmonics are pre- 
sent. 455 
5. The sound emitted is richer and 
sweeter than that produced by a closed 
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23:23. Effect of temperature and humidity on the frequency of air column. 

. "The frequency of the fundamental emitted by a closed pipe is v/4] and that of 
' an open pipe is v/2/. Hence in both the cases the frequency of the fundamental 
is directly proportional to the velocity of sound in air. 

We shall see later that the velocity of sound in a gas is directly proportional to 
the square root of its absolute temperature [Art. 24:5]. Hence with increase in tem- 
perature, the velocity of sound inair increases and in consequence the frequency 
of the fundamental in both the pipes rises. ‘I He sound emitted, therefore, becomes 
sharper. With decrease in temperature, just the-reverse phenomenon happens. 

Similarly, with increase in humidity of air, the velocity of sound increases. 
Hence fundamentals of higher frequencies are emitted by both the pipes and the 
emitted sound become sharper. With the lowering of the humidity of air, just the 
reverse phenomenon takes place. 

23:24. Determination of the velocity of sound or the frequency of a fork 
by resonance air column. 

As the frequencies of the harmonics produced in a vibrating air column in a 
closed pipe depend on its length, a closed pipe may be adjusted to produce reso- 

nance with any source of sound by suitable alteration in its 
length. This provices a very simple method of determi- 
` ning the velociiy of sound in air. 

In its simplest form, the apparatus consists of a long 
glass or metallic open pipe immersed in a glass jar filled 
with water [Fig. 23°18]. 

Initially the pipe is kept almost completely immersed 
in water so that the length ofthe air column is very 
short. A vibrating tuning fork is held near the open 
end and the tube is slowly pulled out of water till a loud 
note is heard due to resonance. This resonance corresponds 
to the fundamental mode of vibration of the air column 
and obviously at this stage the fundamental frequency 
must be the same as the frequency nm of the tuning fork. 
The length l of the air column is then measured. Average 
of several readings are taken by slightly raising or lowering 
the tube. The velocity of sound y is then given by the 

Fig. 23°18 : Resonance relation, 
tube v=4nl 

End correction and its elimination: We have so far assumed that the 
antinode at the open end lies exactly at the mouth of the tube. Strictly speaking 
this is not so ; the antinode is situated at a small distance x beyond the end. xis 
called the end correction. Lord Rayleigh has shown that x=0'6r, where r is the 
radius of the tube. 

Hence, 

The effective length of the vibrating air column =(1+n)=(1 -0:67). 

Therefore, the expression for the velocity of sound becomes, 

v=4n (I4-0*6r). 
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To eliminate the end correction, the tube is raised further out of water until a 
second resonance is obtained. This occurs when frequency of the iirst overtone 
produced by the new length of the tube equals that of the tuning fork. If this 
length be I’, then, l’ +-0-6r=3A/4. 

But for the first resonance /+0:6r=A/4. 

Hence /'—1—A/2. 

Therefore, v—nA-2n(I' —1). 

From this equation the velocity ofsound can be determined by eliminating 
the end correction. 

This gives the velocity of sound in moist air at room temperature. On applying 
the necessary correction for temperature and humidity, the velocity of sound in 
dry air at 0°C can be obtained. 

Thefrequency of an unknown fork can be determined by this method from 
the above equation ifthe velocity of sound is known. In order to obtain the 


velocity of sound, the experiment is first performed with a fork of known 


frequency. 
Example 23:11. Calculate the shortest length of atube open at both ends 


that will resound to a fork of frequency 480, if the velocity of sound in air is 


332 m.|sec. 
Solution : In this case, v—2nl 
y 332x100 54.6 ES 


l—3n^ 2x480 


Example 23-12. A tuning fork of frequency 512 is held over a glass tube of 
diameter 10 cm. standing in water. Find the length of the tube to be withdrawn 
from the water in order to obtain resonance with the fork. 

How much further out of the water must the tube be raised for resonance again 
to occur? (velocity of sound=330 m./sec.) 

Solution : In the first case, considering end correction, 

330 x 100=4x512 ( 1,406 x 5 ) or, Lj==13*1 Tem. 

Hence, the tube should be withdrawn by 13:11 cm. to obtain first resonance. 
In the second case, 330 x 100—2 x 512 (I —/) 

(Ij —1) —32:22 cm. 

Hence, the tube should be raised through 32:22 cm. more to get second 
resonance. 

Example 23:13. A closed pipe 100 cm. long and filled with a gas resounds 
to a given tuning fork. Ij an open pipe resounding to the same fork and contai- 
ning air be 125 cm. long, what would be the velocity of sound in the gas. 
[Velocity of sound in air=330 m.[sec.] 


Solution : Let the frequency of the fork be n. Let v be the velocity of sound 


in the gas. 
; y 
In the case of closed pipe n= —2 100 
: 330 x 100 
and in the case of open pipe A=—g 795 


ae 330x100 x 4X 100 _ 598 m. /sec. 
2x125 
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Example 23:14. When one of the ends of an open organ pipe emitting first 
overtone is suddenly closed, it also emits the first overtone. But the difference in 
pitch in the two cases is 350. Find the pitch of the note emitted ordinarily by the 
open pipe. 1 : 

Solution: Let the frequency ofthe first overtone of the open pipe of length 

v 
i 
end of the pipe is closed, it acts as a closed organ pipe of the same length J. Let 
the frequency of the first overtone emitted by such closed pipe be n where, 


- 9» .3 
b rr SN ee 


lbem, Evidently, m=, where vis the velocity of sound. When the open 


Since n>n, and m—n,—350, we have 7,—350--im, whence n,=1400 
Cups: 


23:25. Interference. 


When two sets of waves of the same frequency and same or nearly equal am- 
plitudes travelling through the same medium overlap, then it is found that due to 
superposition, they wholly or partly nullify each other at certain times and places 
and reinforce each other to produce a greater effect at other times and places. 
This phenomenon is termed’ interference and the two sets of waves are said to 
interfere. We shall see later that for a successful observance of the phenomenon, 
the two sets of waves must havea constant phase difference at any particular 
point. : 

To get a clear insight into the phenomenon, let us consider the waves that 
Spread out from two sources S, and Sa which are vibrating in the same phase with 
the same amplitude and frequency. 
For simplicity we shall assume the 
waves to be transverse, it being 
understood that the following discus- 
sion holds equally well for longitudi- 
nal waves, too. We can represent 
the propagating waves by two sets of 
concentric circles with the sources S, 
and S, at their centres [ Fig. 23:19 ]. 
Obviously these waves consist of 
alternate crests and troughs, half a 
wavelength apart. For the sake of 
convenience, we shall represent the 

É 5 crests by continuous and the troughs 

Fig. 23: js EE paii by dotted lines. As these two sets of 
waves overlap, the resulting wave 

pattern can be obtained from the principle of superposition. At some points 
the crest or trough of one wave coincides with the crest or trough of the other and 
the resulting amplitude will be twice as large as that of either of the waves. The 
waves are said to be in step or in phase at these points. In the figure, a crest 
meets a crest at the points 4, B, C, etc. while a trough meets a trough at the points 
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D, E, Fetc. These points are, therefore, points of maximum disturbance. If we 
remember that along’a wave, phase becomes identical after the distance of one 
wavelength, we reach the conclusion that these points must be equídistant from 
the two sources or their distances from the two sources must differ by a whole 
number of wavelengths. In the figure, the points A and D are equidistant from $, 
and Sq, the distances of B or E from S, and S, differ by one wavelength and those 
of C or F by two wavelengths etc. 

At some other points, the crest of one wave meets a trough of the other and the 
resulting amplitude will be a minimum, being equal to the difference in amplitude, 
of the two sets of waves. If these waves are of equal amplitude, they will cancel 
each other out and the resulting amplitude will be zero. The waves are said to be 
out of step, or out of phase at these points. Inthe figure, sucha situation exists 
at the points P, Q, R etc. Arguing as above, we conclude that distances of these 
points from the two sources must differ by some odd number of half wavelengths. 
For example, the distances of P from S, and S, differ by half a wavelength, those 
of Q by three halves of a wavelength and so on. 

It follows, therefore, that depending upon the fact that whether the two waves 
reinforce each other or cancel out each other, the amplitude of the resulting wave 
pattern will possess maximum amplitude at some points and minimum ( usually 
zero ) at some other points of the medium. This phenomenon is known as inter- 
ference. When the two waves being in phase reinforce each other, the interference 
issaid'to be constructive: if being out of phase, they annul the effect of each 
other, the interference is said to be 
destructive. Such points of maximum 
and minimum amplitudes form a 
definite pattern called the interference 
pattern. Fig. 23:20 shows a diagram 
of this type of pattern. The continuous 
thick black lines are drawn through the 
various series of points at which the 
amplitude is maximum, In between 
these lines are the dotted thick black 
lines which are drawn through the 
various series of points where the 
amplitude is minimum. These lines 
are hyperbolic in shape. At interme- 
diate points, other amplitudes between 
the maximum and the minimum are 


possible. an 
When the frequencies of the two = X 
waves are thé same, the pattern. remains = c Di. pis inda j! 
stationary. To understand this, let us MAX. MIN. MAX. 
consider the points A in the Fig. 23:19, Fig. 23:20: Interference pattern 
where at that parücular instant, the formed by two coherent sources 


crests of the two waves have met. Half a period later, troughs of both the waves 
will meet together at the same point which will therefore continue to be a point 
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where constructive interference occurs. Similar arguments for the other points 
where the amplitudes are maximum or minimum show that they will always 
remain to be so. 

In order to obtain a stationary pattern, it is also essential for the two sources to _ 
be always in phase with each other or to have a constant phase difference. Other- 
wise, the positions of the points at which the waves are in phase or out of phase, 
would be continually changing and thus no interference effects could be observed. 
If this condition be satisfied we say that the two sources are coherent. So two 
sources are said to be coherent when they are always in phase or have a constant 
Phase difference. 

Thus the conditions to be satisfied for obtaining stationary interference pattern 
may be summed up as follows: the sources must have the same frequency and 
roughly the same amplitude and they must be coherent. 

The phenomenon of intererence is a typical property of waves and we shall see 
later that the existence of interference proves conclusively that light isa kind of 
wave. 


Demonstration Experiments. 


(1) Interference effects can be demonstrated beautifully with ripples on the 
surface of water. Two needles are attached to the end ofa metal strip, the other 
end of which is clamped. A dish filled with 
water or mercury is taken and the strip is 
so arranged that the needles just touch the 
surface of the liquid [Fig. 23:21]. Ifthe 
strip is set into transverse vibration, it will 
oscillate up and down so that identical sets 
of ripples will originate from the two 
needles. As they overlap, definite interference 

Fig. 2521 pattern like that shown in Fig. 23-20, will 
appear on the surface of water. Broad lanes consisting of waves of large 
amplitude separated by narrow lanes of undisturbed water will be clearly seen. 

In order to obtain a steady pattern, the strip must be kept into vibration conti- 
nucusly. This can be achieved if it is driven electrically by means of an electro- 
magnet [ not shown in the figure ]. 

(2) Interference ofsound waves may be demonstrated with the help ofa 
Quincke’s tube. It consists of 
two U-tubes 4 and B [Fig. 
23:22]. B is fixed and possesses 
two openings C and D. The 
effective length of A can be 
varied by sliding it in or out of 
B. A source of sound eg. a 
tuning fork, is placed at C and 

ta suitable detector is placed at D. The sound waves from C will arrive at D by 
ravelling along both the paths CAD and CBD. If the two paths are equal or 


Fig. 23:22: Quincke's tube 
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differ by a whole number of wi velengths, constructive i i 

at D and the intensity of sound will ops rci If aaee mie aa 
by an odd number of half wavelengths, there will be destructive Msc: D 
and no sound will be heard. Ifthe sliding tube A is slowly drawn out, the path 
difference changes and a series of maxima and minima may be cisci E 


23:26. Beats. 

In the previous sections, we discussed the superposition of two sets of waves 
whose frequencies are exactly equal. We shall now discuss what happens if the 
wo waves differ by a small amount. When two sets of waves 
amplitudes are superposed, it is found that the 
amplitude of the resultant wave fluctuates with time from maximum to mini- 
mum. This phenomenon of fluctuation of amplitude is known as beats. A 
beat consists of one rise and one fall of the amplitude of the wave. It can be 
proved that the number of beats per second is equal to the difference of 
frequencies of the two component waves. 

In the case of sound, these variations of amplitude give rise to variations of 
loudness because loudness of sound depends upon the amplitude of the wave and 
so alternate waxing and waning of sound will be heard. Usually this phenomenon 
of beats is referred to in the case of sound waves in particular. 

Formation of beats: This can'be studied both graphically and analytically. 

(a) Graphical method : Letus consider a particular pointin space through 
which the waves of frequencies m and m, (mg>7) are travelling simultaneously. 
The displacement produced separately by the waves are plotted against time as 


shown in Fig. 23°23 (a) 


frequencies of the t 
of nearly equal frequencies and 


m4*f0C.55: 


and Fig. 23:23 (b). In this 
figure, we have taken the (à) ; TIME 
length of the time axis to A A ^ bs 


be equal to one second so — (p) 
that m=10 c.p.s. and P 
n,—12 c.p.s. When the E 
two waves combine, the (€; | 


DI PLACEMENT» 


B ^ AC D ; 

VE ATA f^ ] ' 

Ap PATI f > TIME 
resultant wave can be 1 Ui i 


obtained from the principle 
ined from the p! pie Fig. 23:23: Formation of beats 


of superposition by alge- Hs 
braic addition of the ordinates of the two curves at the corresponding points 


and is shown in Fig. 23:23 (c). This shows that at particular instants (as at 
A, C and E), the waves are in phase and the amplitude of the resultant wave is 
maximum ; at other instants (as at Band D), the waves are in opposite phase 
and the amplitude of the resultant wave is minimum. 'This resultant wave 
of varying amplitude travels forward through the medium with the velocity of 


the component waves. 

Two successive maxima or tw 
beat. It is seen from the figure t 
can, therefore, conclude that the number o: 
difference of the frequencies of the component waves. 


P-1/35 


o successive minima are said to constitute one 
hat in one second, two beats are produced. We 
f beats produced per sec. is equal to the 
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The phenomenon can be explained as follows, At the instant at A, the two 
waves are in phase. As time advances, they go out of step because their frequen- 
cies are different. The wave in Fig. 23-23 (b) possessing the higher frequency 
is constantly getting ahead ofthe wave in Fig. 23:28 (a) When it gains one 
complete vibration over the latter, the two waves will again come in phase and.one 
beat is produced. When it gains two complete vibrations, the waves are again in 
phase and another beat is produced. This can be seen from the figure where 
between 4 and C, the wave in Fig. 23:23 (b) has made one more vibration than 
the wave in Fig. 23:23 (a). Between A and E,ithas made two more vibrations. 
In general as the frequencies of the waves are n, and m, then in one second the 
number of vibrations which the second wave gains over the first is (m—n,) So 
itgainsa complete vibration over the first (n,—n,) times per second and the 
amplitude at a particular point reaches a maximum (%,—n;) times per sccond 
which obviously gives the number of beats produced per second, This is called 
the beat frequency. 


(P) Analytical method: The above results can be obtained analytically as 
follows. For simplicity we assume thatthe two component waves of frequencies 
n, and rig (n>m) have the same amplitude a. 


are given by, 
yı=a sin 2nnyt and y,—a sin 2mnyt 

From superposition principle, the resultant wave is given by 
V Jic yea sin 2anyt+a sin 2gnyt 


Since, sin C--sin D—2 sin en cos oe 


“^ y=2a sin 2m eim t.cos Qa (27) i 
t sin 2nat 
where A=2a cos 2m (z^) t and nel E 
This represents a wave of frequency n and amplitude 4. The amplitude of 
this wave, therefore, varies with time in a periodic manner. It becomes zero 


when 


1 3 5 
Oe ETT 
?—m) 3Xm—-my Xm-my «^ 
and a maximum, when 


It follows immediately that the s 


Then the equations of the waves ` 


WAVES 585 


about 10 c.p.s. If the frequency of the beats is too high, then due to persiste 

. * ee . nce 
of hearing the ear fails to distinguish the fluctuations of loudness separately, 
A continuous note i$ then heard which is called the beat tone. j 


The amplitudes of the waves should not also differ by a large amount as 
otherwise the beats can not be clearly recognised. We have mentioned earlier 
that loudness of a sound is determined by the amplitude ofthe waves. If the 
amplitudes differ by a large amounti.e., if one of them be very much weaker . 
than the other, then the variation in the amplitude of the resultant wave becomes 
comparatively smaller. Consequently loudness does not vary appreciably leading 
to difficulty in recognition. 

Demonstation of beats 3 Beats can be easily demonstrated with the help of 
two tuning forks of the same frequency. Ifthey are sounded, they will vibrate in 
unison and no beats will be heard. A prong of any one of them is then loaded 
with a drop of wax whence its frequency will be slightly reduced. If they are 
now sounded again, beats will be heard. 


Practieal Applications: (i) The phenomenon of beats is frequently used 
to determine whether two notes are in unison ornot. Musicians apply this 
method for tuning their instruments. (ii) Beats are also widely used for determin- 
ing the unknown frequency ny of a source of sound. By trial, a tuning fork of 
known frequency n is so chosen that when it is excited along with the source of 
sound, beats are produced In that case n and n, are nearly equal. The number 
of beats per second is now counted. If we call this m, then obviously mizmeen. 
In order to decide whether 7, is greater or smaller than n, the fork is loaded with 
a drop of wax thereby decreasing its frequency. Ifthe number of beats increases, 
then obviously n; is greater than 7 and is given by men —n or, nen m. On 
the other hand, if the number of beats decreases, then m=n—M, or, ng22ft-- tni. 
Hence n, can be determined. (iii) The existence of any dangerous gas inside 
amine can be detected with the help of beats. For this, two identical organ 
pipes are taken ; one of them is filled with pure dry air and the other with the air 
from the mine. If this air be impure, then its density will be different ; hence 
the velocity of sound through it will change. Thus the frequencies of the 
fundamentals emitted from the two pipes will differ slightly. If they are sounded 
together, beats will be produced. If no beats are heard, then the air of the mine 


is considered as pure. 


Example 23:15. 4 tuning fork originally in unison with another tuning fork 
of frequency 512 produces 5 beats per second (a) when a little wax is atiached to 
it (b) when it is filled. Calculate its frequency in both cases. | 


(a) When loaded, the altered frequency n, will be less than the 


Solution : 
original frequency 7^. 
nh or, nyn—95-507 c.p.s. 
(b) When filled, the altered frequency ng will be greater than M 
ge Hg m5 or, ng—n,4-9—9517 c.p.s. 
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Example 23:16. Two tuning forks 1 and 2, when sounded together produce 
8 beats per sec. If the fork 1 is in resonance with a 32 cm. air column in a pipe 
closed at one end and the fork 2 is in resonance with a 33 cm. long similar air 
column, calculate the frequencies of the forks. 


Solution : Let n, and n, be the frequencies of the forks 1 and 2 respectively, 
Also let 4, and A, be the corresponding wavelengths. Then ify be the velocity 
of sound 


y y y y 
=n zo.  andme.-—-— -—. 
MU ARDEA d 
m, 38 21 i 
feeds UN (i) 
Now 1,;—n,=8 het T (ii) 


From eqns. (i) and (ii), a 
715—256 c.p.s. and n —264 c.p.s. 
23:27. Doppler effect. 


Inthe foregoing discussions on wave motion, we have not considered any 
motion of the source of the waves or of the observer. We have tacitly assumed 
that both of them are at rest. If, however, the source and the observer be in rela- 
tive motion, the frequency of the waves noted by the observer appears to be 
different from the true frequency. This phenomenon is known as Doppler effect 
after the name of the Austrian physicist C. J. Doppler who first discussed it in the 
case of light waves. When the source and the observer approach each other, the 
observed frequency is found to be greater than the true frequency. On the other 


hand, if they recede away from each other, the observed frequency appears to be less 
than the true one. 


effect is, however, 
hange in frequency 
if a fast moving railway 
nding and passes him, a 
the observer, the pitch 
the observer. The pitch 
eceding from the observer. 
fast moving car or to the 
observer. 

Pparent change in frequency. We shall discuss 
only two simple cases in which the motion of the source or of the observer takes 
place along the line joining them. 


(i) Source in motion ; observer Stationary, 
Let us consider a source of waves movin 


cde team ving with a velocity v towards a stationary 
observer. For simplicity's sake, we consi"e: 


S á T the waves to be a train of wavefronts, 
the distance between two consecutive wavefronts being equal to a wavelength. Let 
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us suppose that the source emits a wavefront when it is at A [ Fig. 23°24]. Let 
us also suppose that when the source emits the second wavefront the first wave- 
front has already moved to C. If the 
source was stationary, the second wavefront 
would also have been emitted at A. In 
that case the distance between the two 
wavefronts viz., AC would have been the 
unaltered wavelength A. But since the 
source is in motion, let us suppose that 
when the second wavefront is emitted the 
source has come to B. In this case the 


distance between the two wavefronts 
becomes equal to BC. This is the altered wavelength À. Thus AC=A and BC 


=),. Also, in the time in which the first wavefront moves from A to C, the source 


4 ----------AI— 


Fig. 23:24 : Doppler effect ; 
moving source 


moves from A to B. Hence x = where V is the velocity of the wavefront. 


ET pee E V—y b d b—d 
Sa y 
ASAT = 1-4) i. DEN (23:12) 
But nÀe-n4À,, where n and m, are unaltered and the altered frequencies. 
Hence 5 X res ms n,-n yx RED -. (23:13) 
yV t 


Instead of approaching the observer ifthe source recedes away from the 
observer, the velocity v should be regarded as negative ; in that. case equations 


(23:12) and (23:13) become 


TEN nsu E y : 
Mea? -( 7) A ds (23:14) 
pe n B 
and "my y E. dh (23:15) 
t 


that when the source approaches a stationary 
than the true one ; on the other 
the observed frequency 


The above equations show 
observer, the observed frequency becomes greater 
hand, if the source recedes away from a stationary observer, 


becomes less than the true one. 


(i) Source stationary ; observer in motion. 

Let us consider an observer moving with a velocity v away from the source i.e,, 
in the direction of motion of the waves. As before, for simplicity's sake, we consider 
the waves as a train of wavefronts, the distance between two successive wavefronts 
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being equal to. one wavelength. Let us suppose that the observer is at 4 when he 
receives 4 wavefront [Fig. 23°25]. The next wavefront is at that instant some what 
behind ; let us suppose that it is at B. BA 

Spe n neuem ne arre --- > is, therefore, the unaltered wavelength 
4. But the observer is in motion. As the 

C second wavefront is coming towards 


ee err arr m e-- 


B him, he is also moving in the same 
direction. Let us suppose that the second 

ie wavefront overtakes him at C. Thus for 

Fig. 23:25 Doppler effect ; moving the observer the distance BC is the altered 
observer : wavelength Ay. Hence B4-—A and BC 


=À} Also, in the time in which the wavefront moves from B to C the observer 
moves from A to C. 


"Hence, x ac where V is the velocity of the wavefront. 
MBE BA yA 959 Fae ane 
BO YE TAE | b d =l 
y A 
eee TATA (23°16) 
But nsnm where n and ng are the unaltered and the altered frequencies. 
DT uy Een 
ome p on men P- nf 1 4 bs (23:17) 


Instead of moving away from the source, if the observer moves towards the 
source, the velocity v should be regarded as negative. In that case eqn. (23:16) 
and (23:17) become, 

V A 


ie ae e p) (23:18) 
[^ 
V+v_ v | j 
and nn =n (142) at hie (23°19) 


These equations show that when the observer moves away from the source, the 
apparent frequency is less than the real one. On the other hand, if the observer 
moves towards the source, the apparent frequency becomes greater than the 
real one, | 

(üi) Both source and observer are moving in the same direction with velocities 
v, and Vow 


Due to the motion of the source, the modified frequency is given by 


V 
intu, [from eqn. 23:13] 


This frequency is again modified by the motion of the observer. The final 
modified frequency is given by 


nnt [from eqn. 23:' | 
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ou. ONE V—v, 
CLE 


I ZUR i 1—vJJV , 
s. Hot ea ES H (23:20) 


The corresponding modified wavelength can similarly be found to be 


Fr NI 
AA, EUR ei $^ (23:21) 


If either the source or the observer or both be moving in the opposite direc- 
tion, the corresponding velocity or velocities should have the sign changed. 

It is obvious from eqn. (23:20) that if the velocities v; and v, be equal i.e., if 
there be no relative velocity between the source and the observer, there is no 
change in the frequency. 

In the most general cases, the motion of the source or the observer takes place 
in any direction. In such cases, for calculating the change in frequency, only the 
component of the velocities along the line joining the source and the observer 
should be taken into account. We have not also considered any motion of the 
medium through which the wave. is travelling. If this is taken into account, an 
added term, the velocity of the medium, appears in the formula. This is not 
applicable in the case of light waves because the velocity of light does not depend 
upon the velocity of the medium. : 


We have mentioned earlier that Doppler effect applies to all types of wave 
motion and so the apparent shift in frequency can also be detected in the case of 
light.* The velocity of light is, however, so large that it is impossible to detect 
any change in frequency with terrestrial experiments. For celestial bodies the 
effect becomes detectable. : 

In the case of light waves, however, the frequencies are so larger that it is not 
possible to measure the changes in the frequencies. The changes in wavelengths 
are measured instead. The spectrum of light from any source shows a number 
oflines. Each of these lines corresponds to a definite wavelength. Ifthe wave- 
length changes, the line shifts across the spectrum. When the source approaches 
the observer, the wavelength decreases and the line shifts to the. violet side of the 
spectrum. Conversely, when the source recedes from the observer, the wave- 
length increases and the line shifts to the red side. By measuring the amount of 
shift, it is possible to measure the change in wavelength and hence itis possible to 
ascertain the velocity of the source of light. This has wide applications in 
astrophysics. For example, the effect leads to the detection ofthe rotation of the 
sun and also to the determination of its velocity of rotation. If the sun is rotating, 
its one edge would approach us while the opposite edge would recede from us. 
This is found to be so, because examination of the spectrums of the light coming 
from the two edges of the sun’s disc shows that in one the lines have shifted to the 


ae crema PEE 

* However, for light, the eqns, (23:20) and (23-21) are to be modified. The modification 
requires essentially the concept Of relativity which is beyond the scope of the text and is, there- 
fore, not discussed here, 
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violet end, while in the other they are shifted to the red end. The nature of the 
saturn's ring was also established with the help of this effect. ; : 

Nowadays, Doppler effect is used in radar for determining the velocity of a 
fast moving projectile. 

Example 23:17. 4 train is passing a railway station with a speed of 60 km.[hr. 
and blowing continuously its whistle of frequency 320 c.p.s. What wiil be the 
apparent frequencies noted by a person waiting on the platform when the train is 
(d) approaching and (b) departing? (Given, velocity of sound=340 m.[sec.] 

Solution: Here, the actual frequency n=320 c.p.s. Speed of the train y=60 
km./hr.—1:67 X 10* cm./sec. Velocity of sound V=340 m./sec.—34 x 103 cm./sec. 


(a) From eqn. (23:13), the altered frequency 


34x 108 
m= 520 x Tos 31:87) 


(b) From eqn. (23:15) the altered frequency 
ae 34 x 108 
77320 X TG (53-E 1:7] 
Example 23:18. 4 car moving with a speed of 40 km.[hr.. passes by a siren | 
which is sounding at a frequency of 500 c.p.s. What does the frequency appears 
to be to the driver of the car before and after passing? [Velocity of sound--340 
m.[sec.] - ; 
Solution ; Here, n—500 eps. ; v=40 km./hr.—1:11 X 10* cm./sec. ; V= 
340 m./sec.=34 x 108 cm. sec. 


(a) When the car approaches the siren, the altered frequency n, is given by 
eqn. (23:19) as : 


=337 c.p.s. 


=305 c.p.s. 


=500 x (94-- 1:11) 108 
TENA OR amr ss (a 
(b) When the car moves away from the siren after passing it, the altered 
frequency n, is given by eqn. (23:17) as 
C (34—1:11) 10 
Ng 500 x 34x 108 105 — 


7-516 c.p.s. 


3 
-=484 c.p.s. 


Example 23:19. Two trains move towards each other at speeds of 72 km./hr. 
and 54 km.[hr. respectively. The first train whistles emitting a sound with a 
frequency of 800 c.p.s. Find the frequency of the sound which can be heard by 
Passenger in the second train : (a) before the trains meet (b) after the trains meet. 
The velocity of sound is 340 m./sec. 

Solution : Here y, =72 km.[hr.—920 m,/sec, 

39754 km./hr.—15 m./sec, 

(a) Before the trains meet, the modified frequency n, due to the motion of the 

source which is approaching is giving by 
V 


—y, 


nj zn.- 


| 
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Since the listener moves towards the source with a velocity v,, the final modified 
frequency is given by 
—,„ VY V+y, 
N=. =n. -e 
ee E T 
ix 340--15 57. 
=800 x 90 997 5 c.p.s. 
(b) After the trains meet, the modified frequency 7 due to the motion of the 
source which is receding is given by 
V 
Vv, 
Since the listener also recedes away from the source with a velocity ve, the fihal 
modified frequency is given by 


n-n. 


340—15. 499. 
—800 x 55320 Ea 2 c.p.s. 


Example 23:20. Prove that according to Doppler's principle the change of 
pitch is greater when the source approaches the observer than when the observer 
approaches the source with the same speed. : 

Solution : When the source approaches the observer witha velocity v, the 
altered frequency is 

n OVN 
i y-—» 
Whenthe observer approaches the source with the same velocity v, the altered 


` frequency is 


many” 
Bee 
m -r 


As (V2—v*)<V?, therefore, >! or, n>n, Hence the prof. 
2 


2328. Polarization. 

The various properties of waves which we discussed in the foregoing sections 
are common to both longitudinal and transverse waves. These properties, there- 
fore, can not distinguish one from the other. We shall now discuss a phenomenon 

' known as polarization which is a characteristic of transverse waves only; and not 
of longitudinal waves. Hence ifa wave can be polarized, we can certainly say 
thatitistransverse. The phenomenon of polarization, therefore, helps us to dis- 


tinguish a transverse wave from a longitudinal one. 
th the help of the following 


The concept of polarization can be easily grasped wi 
demonstration experiment. A long rope ABCD is passed through two slits S, and 
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S,[ Fig. 23:26]. The width of each slit is slightly greater than the diameter of 
the rope. One end D of the rope is kept fixed while the other end A is shaken 
back and forth arbitrarily making an angle with the slit S;, but always in a plane 
perpendicular to the rope. The particles of the rope will, therefore, vibrate in any 


in the portion BC of the rope beyond the slit S, begin to vibrate in a direction 
parallel to the slit. Therefore, the wave that emerges from the slit $, remains con- 
fined ina plane containing the slit, This wave is said to be polarized and the slit 
S; is called a polarizer. 


This polarized wave travels through the portion BC of the rope and reaches 
the second slit Sy. If this slit is parallel to the first one, it is obvious that the wave 


[Fig. 23:26 (b). For any intermediate orientation of the slit Ss, the component 
of vibration parallel to it will be transmitted. Hence transverse wave of smaller 
amplitude and confined in a plane containing the slit S, will be generated in the 
portion CD of the rope. This slit S, is called the analyzer, , Obviously if the 


analyzer is rotated about in its own Plane, the amplitude of the wave that passes 
through it varies from zero to a maximum, 


tion of propagation of the wave, 
For a transverse wave, the motion of the particles may take place im any or all 
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possible directions but always perpendicular to the direction o 7 
wave. We call such transverse wave unpolarized. RP A 
If the motion of all particles in the path of wave takes pl 
place in a defini 
the transverse wave is said to be polarized. A perite 
The device which converts an unpolarized wave into a polarized one by suppres- 
sing the vibrations iu every direction but one is called a polarizer. Usually 
a similar device is employed for examining the nature of the polarized wave 
coming out of the polarizer. Such a device is called an analyzer. 


Phenomenon of polarization provides a surest check for ascertaining the nature 
of a wave. : The discovery that light beams can be polarized led to the firm con- 
clusion that light waves are transverse. We shall discuss this, in a detail, in a later 
section. Sound waves can never be polarized and hence they must be longitudinal - 


in nature. 


4$ EXERCISE 6 


[A] Essay type Questions. 

1. What do you mean by wave motion? Drawa diagram representing a wave motion 
and indicate the amplitude, crest, trough and the wavelength. 

2. What do you mean bya transverse wave and a longitudinal wave ? Explain with 
examples, Show how a longitudinal wave may be represented by a sine curve. State the 
difference between a transverse wave and a longitudinal wave. 

3, Define amplitude, wavelength, period, frequency and velocity of a wave, Establish the 
relation among velocity, frequency and wavelength of a wave. 

4. Define wavefront anda ray. When are the waves called spherical and plane? How 
such waves are obtained in practice ? 

5. -State the characteristics of a progressive wave and establish its equation, 

6. Discuss the phenomena of reflection and refraction of waves clearly stating the 
concerned laws. 

Y. State and explain the principle of superposition of waves. Mention some examples in 
support of this principle. When two waves are superposed, does one affect the progress of the 


other? Explain. 
8. What are stationary waves? Explain their formation graphically, State the charac- 


teristics of such waves. 
9, What do you mean by nodes and antinodes ? Explain with necessary figures. 

Describe in each. case one method for demonstation of transverse and longitudinal stationary 
waves, 
10. Explain the formation of stationary waves analytically. Give one example of transverse 
and longitudinal waves respectively. Discuss about the distinction between progressive and 
stationary waves. 

11. Enumerate the laws of vibration ofa stretched string. Briefly discuss their experimen- 


tal verification. " 
12. Define :—fundamental, overtone and harmonics. 
Show by means of diagrams the possible modes of vibration ofa stretched string and cal- 


culate the frequency in each case. 
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> A string is struck at the middle point. Explain what harmonics will be present and what 
absent. 

13. Briefly describe a sonometer and discuss its working principle. 

14. Explain the formation of stationary waves in closed and open pipes. 

Show that the frequency of the fundamental of an open pipe is twice that of a closed pipe 
of the same length. 

15. Describe the possible modes of vibration of air column in closed and open pipes. 
Obtain the frequencies of their fundamentals and overtones, 

16. Describe a method of determining the velocity of sound in air andthe frequency of a . 
tuning fork by resonance air column. 

What is meant by end correction in this experiment? How this is eliminated ? 

17. Discuss what is meant by ‘interference’, Explain in detail how interference pattern is 
formed. ; 

18. What conditions must be satisfied for the formation of a stationary interference 
pattern ? Explain you answer. 

Discuss how can you demonstrate the phenomenon of interference in the case of sound 
waves. 

19. What are. beats? How are they produced? Show both (i) graphically and (ii) 
analytically that the number of beats produced per second equals the difference between the 
frequencies of the superposed waves, `; 

20. Discuss the conditions that must be satisfied for clear audibility of beats. How cán 
you determine an unknown frequency with the help of beats. 

21. What is Doppler effect ? Show how the frequency of sound is changed due to Doppler 
effect when the observer is stationary and the source is moving. 

22. Give some common examples of the Doppler effect. Establishthe expression for the 
modified frequency of the sound heard due to Doppler effect when the source is at rest and the 
observer is moving. 

23. Calculate the modified frequency of the waves if both the source and the observer are 
moving. What happens when there is no relative velocity between the source and the observer. 

Can Doppler effect be detected in the case of light ? Explain with examples. Mention 
some applications of Doppler effect in astrophysics, 

24. Show directly without using the general formula and using neat diagrams that the 
frequency of sound vibrations emitted by a source will appear to be doubled to a listener 
fixed in space when the source approaches the listener with a speed equalling half the speed of 
sound, [ Jt. Entrance '79 ] 

25. What do you understand by polarization of a wave ? Explain how can you determine 
the nature of the wave from this phenomenon. 


_ What do you mean by (i) an unpolarized wave, (ii) a polarized wave, (iii) polarizer and 
(iv) analyzer ? 


[B] Short answer type questions 
i 


A transverse wave is travelling along a street from left to right. The figure represents 
C the shape of the string at a given instant. A, B, C, D, E, F,G 
and H are points on the String. At this instant state : 

(a) Which of the above points have an upward velocity ; 
(b) Which points will have a downward velocity ; (c; Which 
points will have zero velocity and (d) Which points have the 

G maximum magnitude of velocity, [I.I T770] 
2. Explain the following statements :— 


(i) All harmonics are overtones but all overtones are not harmonics, 
(ii) An open pipe emits a more musical sound than a closed pipe. 
(iii) Longitudinal waves can travel through any medium but transverse waves can not 
travel through a gas . 
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(iv) The space-displacement curve and the time-displacement curve of a wave are of 
same form, 
(v) In musical instruments, the strings are mounted on hollow wooden boxes, 
(vi) A set of holes is bored along the length of flute. 
(vii) By blowing a clesed pipe more and more powerfully, the quality of the emitted 
sound changes. 
> s Does the velocity of a wave also give the velocity of the particles of the medium ? 
xplain. 
4. Explain how by touching lightly at suitable points, the quality of the sound i 
a vibrating string can be modified. ain 
5. Can light waves be polarized ? Sound waves? Water waves? Explain. 
6. How the frequency of the fundamental emitted by a stretched string will be modified in 
the following cases :— 
(i) When its length is doubled. (ii) When its tension is increased four times. 
7. Explain with reasoning whether the following statements are true or false :— 
(i) When the stem of a vibrating tuning fork is pressed against the box of a sonometer 
the sound emitted becomes louder. This occurs due to resonance. 
(ii) Ina closed pipe, the frequencies of the overtones are integral multiples of the 
frequency of the fundamental. : 
(iii) One characteristics of a stationary wave is the creation of wave crests and wave 
troughs. 
(iv) Beats are produced when the frequencies of two sources differ by a large amount. 
8. The frequencies of the fundamentals emitted from a closed pipe and an open pipe are 
identical. What is the ratio of their lengths ? 4 
9. Draw the wave patterns set up in a resonance tube open at both ends when the length 


of the tube is equal to the wave-length and also when the length is 3/2 times the wave-length. 
[ Jt. Entrance *82 } 


[D] Simple Problems 


1. Compare the wavelengths in air of the sound given by two tuning forks of frequencies 

280 and 840 respectively. (Ans. 3:1] 
2. Radio waves travel at a speed of 3x 10** cm.jsec. What is the frequency of the waves 
broadcasted from a radiostation on the wavelength of 250 metre, [ Ans. 1200 kilo cycles/sec. ] 
3.. Sound waves with a frequency of 400 c. p. s. and amplitude 0:2 mm. propagate in air. 

The wavelength is 85 cm. (a) Find the velocity of the waves and (b) the maximum velocity of 
the particles of air. [ Ans. (a) 340 m./sec. (b) 50:24 cm./sec. ] 
4. The frequency of a tuning fork is 480. The time in which the fork executes 20 complete 


vibrations, sound advances through a distance of 15 metre. Find the velocity and wavelength 
[ Ans. 360 m./sec., 75 cm. ] 


of sound. 

5. The tip of a vertical stylus attached to a prong ofa tuning fork just dips into water. 
When the fork is vibrating, waves generated in water have 21 crests in a distance of 10 cm. 
Find the velocity of the waves, given frequency of the fork 256 c.p.s. [ Ans. 128 cm./sec. ] 

6. A sound produced in water has a wavelength of 3:7 metre. If the velocity of sound in 
water is 1480 metre/sec. and in air 350 metre/sec., find the frequency and the wavelength of 
the note heard by an observer in air. [ Ans. 400 c.p.s. ; 87:5 cm. ] 

7. The equation of a transverse wave ina string is given by y=5 sin m ( 4t—0:002x ), 
where x and y are given in centimetre and żin second. Find the amplitude, frequency, speed 
and wavelength of the wave. [Ans. 5cm.;2 Cp. 5 2000 cm./sec. ; 1000 cm. ] 

8. The- equation of simple harmonic oscillation of a scurce is y=6 sin 300 at cm. Find 
the displacement from the position of equilibrium, the velocity and the acceleration of a point 
150 cm. away from the source for a moment 1—0:01 sec. after the oscillations begin. The 
oscillations propagate with a velocity of 300 m./sec. [Ans. —6cm.;0; 5:324 x 10* cm. /sec.?] 
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9. What is the difference in phases of two points at a distance 10 m.and 15 m. respecti- 
vely from the source of oscillations ? The period of oscillations is 0:02 sec. and the velocity of 
their propagation 400 m./sec. [ Ans, 5/4 rad. ] 

10. The displacement from the position of equilibrium of a point 5 m, away from a source 


of oscillations is half the amplitude at the moment tt . Find the wavelength. 


[ Ans. 60m. ] 
11. The equation of a stationary wave is y—4 cos > sin 60 st where x and y are in 


centimeter and 1 is in second, Find the amplitude and velocity of the component waves. What 
is the distance between nodes ? [ Ans. 2cm, ; 300 cm./sec, ; 5 cm. ] 
12. Find the frequency of the fundamental tone of a String tensioned by a force 8x10* 
newton. The length of the string 80 cm. and its weight is 40 gm. [ Ans. 250 c.p.s. } 
13. A steel string of radius 0*5 mm. produces a fundamental tone of frequency 320 c.p.s. 
when stretched by a force of 100 kg. wt. Find the length of the string. The density of steel— 
7:7 gm.|c.c. [ Ans. 62:9 cm. j 
14. Two violin strings, one of steel and the other of gut, possess the same length and cross- 
sectional area. If they are subjected to the same tension, compare the frequencies of the notes 
emitted by them. (Density of steel 7:8 gm./c.c., of gut 1:3 gm./c.c.) [Ans, 1:v6] 
* 15. Two stretched strings 4 and B of the same material and same diameter emit, when 
excited, notes whose frequencies are in the ratio 1 ; 8 respectively. Ifthe length of A is four 
times that of B, compare the tensions in 4 and B, [ Ans. 1:4] 
16. When a stretched wire of length 60 cm. is set into vibration, it emits a note of fre- 
quency 280. Find the wavelength of the vibration (a) in the wire (b) in the air. ( Velocity of 
sound in air—350 metre/sec, ) [ Ans. 120 cm. ; 125 cm. ] 
17. The tension in a wire 80 cm, long is 5 kg. wt, What change must be made in length 
in order to raise the pitch one octave, if the tension is increased to T2kg.wt. (London Univ.) 
[ Ans. decreased by 32 cm, ] 
18. Two wires emitting fundamental notes are in unison, If the length of the first wire is 
increased by 1%, what percentage change in the tension of the second wire will restore unison. 
[4ns. 1:97% decrease ) 
19, A sitar wire is 60 cm, long and emits a note of 320 © p.s. How far from the top it 
may be pressed so that it may emit a note of frequency 384 c. p, s, ? { Ans. 10 cm. ] 


the ratio of the radii of the wires, [ ‘Ans, 21$] 
21. Awire of length 360 cm, is vibrating transversely in 6 segments under a tension of 
2kg. wt. If the mass of the wire is 1:6 gm., calculate the frequency of vibration, 
[ Ans. 175c. p. s. ] 
22, Calculate the frequency of (a) the fundamental (b) the first overtone of an organ pipe 
closed at one end and of length 125 cm. Assume the velocity of sound in air to be 350 m./sec. 
Also solve the problem when the pipe is opened at both ends, 
[ Ans. Ist part : (a) 70 c.p.s, (b) 210 c.p.s. 2nd part : (a) 140 c.p.s. (b) 280 c.p.s, ] 
23. The frequencies of the fundamental emitted by a closed and an open pipe differ by 20. 
If the length of the open pipe be 170 cm., calculate the length of the closed Pipe. Given, the 
velocity of sound in air=340 metre/sec. [ Ans. 70:8 or 106:25 em. ] 
24, An open organ pipe of length 50 cm. emits the fundamental note of the same pitch as 
that of a sonometer wire of length 75 cm. The wire has a mass of one gram per centimetre. 
Find the tension of the wire. (Velocity of sound=350 m/sec). [ Ans. 27-56 x10? dyne } 
25. A tuning fork is held over a glass tube standing in water, The first resonance is 
obtained when the length of the air column is 25 cm, Resonance is again produced wlien the 
length of the air column is 77:2 cm, Calculate the end Correction, [ Ans. 1-1 cm, ] 
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26. Atuning fork held over a resonance tube produced resonance with air columns 16 cm, 
and 50-4cm long. If the velocity of sound at room temperature be 352 metre/sec., calculate 
frequency of the fork and radius of the tube. [ Ans. 511 6c. p. , 2cm. ] 

27. The bottom of an open organ pipe is suddenly closed. lf it emits the first overtone in 
both the cases, the difference in frequency being 128, find the'frequency of the tone emitted by 
the open pipe. [ Ans. 512c. p.s.) 

28. The frequencies of the fundamentals of two pipes, one open and the other. closed differ 
by 15 c. p. s. If the length of the closed pipe is 70 cm., find that of the other, given velocity 
of sound in air is 350 metre/sec. [ Ans. 125 cm. or 1591 cm ] 

29. A cylinder of length 100 cm and diameter 4 cm. is filled up with water. The cylinder 
is fitted with a tap at the bottom, A vibrating fork of frequency 480 c, p. s. is held above the 
mouth of the cylinder and water is slowly drained out by opening the tap Taking 
into account the end-correction, determine the lengths of the tube for which resonances will be 
observed, given the velocity of sound in air—352 m,/sec. [4ns. 17:13 cm., 53:8 cm , 90:47 cm.] 

30. A tuning fork A gives 5 beats per second when sounded with another tuning fork B of 
frequency 256. When a little wax is placed on a prong of the tuning fork A, there are more 
beats per second. What is the frequency of A ? {das. 251 c. p. s. 

31. A sonometer wire tensioned by 15 kg. wt. produces 8 beats per second, when sounded 
with a tuning fork. When the tensien in the wire is 16 kg. wt., it becomes tuned in unison 
with the fork. Find the frequency of the fork. [ Ans. 2526. p.s.) 

32. Two wires having same mass per unit length are mounted side by side on a sonometer 
and adjusted to have equal tensions. One wire is 65 cm. long and gives a fundamental tone of 
frequency 256 c. p. s. If the |ength of the other wire is 64 cm. how many beats per second will 
be heard when the two wires are sounded together. hs [ Ans. 4 beats/sec.] 

33. An open organ pipe produces 8 beats per sec. when sounded with a tuning fork of 256 
vibrations per second, the fork giving the lower tone. How much the length of the pipe be 
altered to bring it in accord with the fork? X ( C. U."53) 

[ Ans. To be increased by 1/32th of the original length ] 

34. Two tuning forks A and B are sounded together and 5 beats per sec. are produced. If 
A and B are in resonance with 36 cm, and 37 cm, air column respectively both closed at one 
end, calculate the frequencies of the forks. [ Ans. 185 c. p. s, 180. c p. s.] . 

35. A sonometer wire resonates with a given tuning fork, Keeping the tension same, if the 
length of the wire is increased by 296, it produces 6 beats per sec. with the fork. Find the 
frequency of the fork. [ Ans, 306 c. p. s.] 

36, The movable bridge of a sonometer divides the wire into two parts whose lengths 
differ by 1 cna, The total length of the wire is 50cm. When both parts of the wire are set 
into simultaneous vibration, 4 beats per sec, are produced. Find the frequency of vibration of 
each part. [ Ans. 102 c.p.s., 98 c.p.s. ] 

37. Two tuning forks when excited simultaneously produces 6 beats/sec. The first one 
resonates with a closed column of air 15 cm. long ánd the second one with an open column of 


length 30-5 cm. Calculate the frequencies of the forks. [ Ans. 366 and 360 c. p. s. ] 
38. A tuning fork produces 5 beats per sec., with the lengths 75 cm. and 80 cm, of a sono- 
meter wire, Find the frequency of the fork. [ Ans: 155 c. p. s.] 


39. A closed pipe and an open pipe of lengths15 cm. and 30:2cm. respectively are sounded 
together and the number of beats produced is found to be 4 per second. Determine the velocity 
of sound in air. [ Ans. 3624 m .[sec. ] 

40, A whistle of frequency 500 c. p. s. is blownata station. What will be its apparent 
frequency to an observer on à train moving towards the station with a velocity of 36 km. per 
hour? The velocity of sound is 350 metre per second. [ Ans. 5143 c.p. s.] 

Al. Calculete the velocity with which a source of frequency 10 thousand per second should 
approach the observer at rest in order to produce a Doppler effect of 200 per second. x 

(C. U.'54) [4ns. 21:96 ft.[sec, assuming V««1120 ft/sec. ] 
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42. A man stands on the sea shore and hears the hooting of a ship. When the ship stands 
still, the sound has a frequency of 380 c. p.s. When the ship moves towards the man, the 
frequency appears to be 390 c. p. s. When the ship moves away from the man, the frequency 
appears to be 375 c. p. s: Find the speed of the ship in both cases. The velocity of sounds 
340 m./sec. [ Ans. 31:38 km jhr., 16:32 km./hr. ] 

43. The ratio of the frequencies of a source of sound as received by a stationary observer 
when the source moves towards and away from the observer is 9 : 8. Determine the velocity 
of the source, given that velocity of sound in air is 340 m./sec, [ Ans. 20 m./sec. } 

44, Two ehgines pass each other in opposite directions. One of them is blowing a whistle, 
the frequency being 540. Calculate the frequency heard in the other engine before and after 
they have passed each other. Velocity of either engine 15 m./sec., velocity of sound 320 m./sec. 

[ Ans. 593:1 and 491-6 c. p. s. } 


45. A transverse wave is described by the equation y=a sin 27 (7-3) , show that the 


maximum particle velocity is equal to four times the wave velocity if A=z a/2. 
46. A sonometer wire under a tension of 64 newton vibrating in its fundamental mode is 
in resonance with a vibrating tuning fork. The vibrating portion of the sonometer wire has a 
length of 10 cm. and a mass of 1 gm. The vibrating tuning fork is now moved away from the 
vibrating wire with a constant speed and an observer standing near the sonometer hears one 
beat per sec. Calculate the speed with which the tuning fork is moved if the speed of sound 
in air is 300 m./sec. (1.1. T.*83) [Ans. 75:19 cm.|sec, ] 
47, A string 25 cm. long and having a mass of 2-5 gm. is under tension. A pipe closed at 
one end is 40 cm. long. When the string is set vibrating in its first overtone and the airin the 
pipe in its fundamental frequency, 8-beats per second are heard. It is observed that decreasing 
the tension in the string decreases the beat frequency. If the speed of sound in air is 320 
m /sec, find the tension in the string. CI. I. T.'82) [ Ans. 27:04 newton ] 
48. A metal wire of diameter 1 mm. is held on two knite edges separated by a distance of 
50cm. Thetension in the wire is 100 N. The wire vibrating with its fundamental frequency, 
and a vibrating tuning fork produce 5 beats/sec. The tension inthe wire is then reduced to 
81N. Whenthe two are excited, beatsare heard again at the same rate. Calculate (i) the 
frequency of the fork, (ii) the density of the material of the wire. CI. I. T'80) 
[ Ans. (i) 95 c.p.s. (ii) 12°73 gm./sec. ] 

[D] Harder Prolebms. 


1. A sonometer wire is stretched by a heavy brass cylinder of 'ength 10°0 cm, whose axis 
is vertical. Its fundamental note is found to be in unison with a tuning fork of frequency 256 
sec.!, On immersing part of the cylinder in water, 4 beats per second are heard when wire 
and fork are sounded simultaneously, Calcuiate the length of the cylinder immersed. [Density 
of brass— 8:5 gm. cm.~*} ( London Univ, ) ( Ans. 2:636 cm. ] 
2. A wire of density 9 gm./c, c. is stretched between two clamps 100 cm, apart while sub- 
jected to an extension of 0°05 cm. What is the lowest frequency of transverse vibrations- in 
the wire, assuming Young's modulus of the material to be 9x 10" dyne/cm.* (1. 1L T. 75) 
[ Ans. 35:4c. p. s.] 
3. A tuning fork resonates with 50 cm. of a sonometer wire. When the stretching weights 
are completely immersed in water, the length of the wire that produces resonance with the 
same fork is 45 cm. Determine the density of the material of the weights. [ Ams. 5:26 gm./c.c.] 
4. A wire of mass per unit iength 002 gm./cm, is stretched by a force of 8x 10* dyne. 
The wire is found to resonate with a frequency of 480 c. p. s. The next higher frequency with 
which the wire resonates is 512 c, p. s. What is the length of the wire? — [4ns. 3125 cm. ] 
5. (a) At what point should a stretched string be plucked to make its fundamental tone 
most prominent ? At what point should it be plucked and at what point touched to make 
(b) the second harmonic (c) the third harmonic most prominent ? 
[ Ans. (a) centre (b) plucked at 3th of its length from one end then touched at centre (c) 
plucked and then touched respectively at {th and jrd of its length from one end.) 
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6. Two waves of the same type having frequencies 320 and 336 mo 

n ^ n Yo $ 

point. Find their phase difference after 2:2 sec. a pire >? fet 
7. A vibrating tuning fork of frequency 256 is held above the mouth of a gl : i 

length 50-cm. and capacity 400 c.c. Water is poured slowly until resonance rer ig : 

volume of water poured in the cylinder is found to be 130 cc. Find the velocity of sound i 

air. [ Ans. 345-6 m./sec. ] 

Q8 Two wires are fixed on a sonometer. Their tensions are in the ratio 8 ; 1, the lengths 

in ratio 36 : 35, the diameters in the ratio 4 : 1 and the densities are in the ratio 1 :2. Find 

the frequency of the beats produced if the note of the higher pitch has frequency of 360 per 

second. (I. T. T. '68) [ Ans. 10 beats/sec, ] 


9. A set of 24 tuning forks is arranged in a series of increasing frequency. If 
produces 4 beats with the preceding one and the last fork sounds the octave of the Ps RR 
culate the frequencies of the first and last fork. (Bombay '54) [ Ans. 92 and 184 c, p. s. 1 


10. A car travels perpendicular to a high wall with a speed of 36 km. 

p.h. The driver 
sounds a horn of frequency 200 c. p. s. What is the frequency of the sound heard by the driy 
coming (a) directly from the horn (b) reflected from the wall ? Velocity of sound=340 pad 

[ Ans, (a) 200c. p.s. (b) 2121 c. p, s. ] 


11. Two observers 4 and B carry identical sound sources of frequency 1000 c. p, s 

If A is stationary while B moves away from A at a speed of 2 metre/sec., how many beats Del 
sec. are heard by A and B? Given, velocity of sound=350 m./sec, P 
[ Ans. 5°68 and 5:71 per sec, ] 

12. Two sources give out identical notes of 1360 c, p. s, An observer half-way between 
them moving from one to other hears 4 beats per sec. At what speed is he moving? [Given 
velocity of sound 340 m,/sec. ] [ Ans. 1-8 km.[hr ] 
13. A spectroscopic examination of a certain star shows that the apparent wavelength of a 
certain spectral line is 5001 A. U., whereas the observed wave-length of the same line produced 
by a terrestrial source is 5000 A. U. In what direction and at what speed do these figures 
suggest that the star is moving relative to the earth ? ( C. 0, 47) 
[ Ans. Moving away with a velocity of 6x 10* cm,/sec, ] 


14. A whistle is whirled in a circle of 100 cm. radius and traverses (he circular path twice 
persecond. An observer is situated outside the circle, but in its plane. What is the musical 
interval between the highest and lowest pitch observed if the velocity of sound is 332 metre 
per sec. ? - ( London Univ. ) [ Ans, 1:079] 

[ Hint: The interval between two miusical notes is determined by the ratio of their 
frequencies ] 

15. Sound waves from a tuning fork A reach a point B by two different paths A.D B and 
AEB. When A E B is greater than 4 D B by 17 cm., there is silence at B. When the diffe- 
rence is 34 cm. there is sound at B and when 51 cm. silence and so on. Explain the pheno- 
menon and find the frequency of the fork if the velocity of sound is 340 m./sec. 

[Ans. 1000c.p;s] 

16. If the fundamental frequency of a string 60 cm. longis n, where would you place a 
bridge under the stríng to produce notes of frequency m, for one part and z for the other, so 


that the intervals from n to m and from m to m shall be the same. ( London Univ. ) 
* [ Ans, 37:1 cm. from one end ] 


17. Auniform rope of length 12 m. and mass 6 kg hangs vertically from a rigid support. 
A block of mass 2 kg. is attached to the free end of therope. A transverse pulse of wave- 
length 0:06 ra. is produced at the lower end of the rope. What is the wave length of the pulse 
when it reaches the top of the rope ? (I. I. 7.784) [ Ans. 0:12 m.] 
18. A steel wire of length 1 m., mass 0*1 kg. and uniform cross-sectional area 107? mê is 
rigidly fixed at both ends. The temperature of the wire is lowered by 20°C. If the transverse 


P-1/36 
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waves are set up by plucking the string in the middle, calculate the frequency of fundamental 
mode of vibration. ( Given for steel, co-eff. of linear expansion—-1-21 x10-5/°C and Young's 
modulus=2 x 10? Newton/m*. ) (I. I. T.'80) [ dns. 1l c.p.s.] 
19. A car travelling at a speed of 36 km./hr. sound its horn which has a frequency 500 Hz 
and this is heard in another car which is travelling behind'the first car in the same direction 
with a velocity of 20 m./sec. Thc sound can also be heard in the second car by reflection from 
a bridge head. What frequencies will the driver of the second car hear? Sound travels in 
air with a speed of 340 m./sec. (Jt. Entrance '84 ) [ Ans. 514:3 Hz; 545:5 Hz] 
20. The ends of a string are rigidly fixed, If the temperature of the string falls by 10°C, 
calculate the change in its tension from the following data : 
Area of corss-section of the string--0:01 cm.* 
Co-efficient of linear expansion of the material of the string 16 x 10-8/°C, 
Young's modulus of the material of the string=20 x 10" dyne/cm.? 
If this causes the frequency of transverse vibration of the string to increase to double its 
previous value, what was the original tension ? ( Jt. Entrance '80 ) 
$ [ dns, 32x10* dyne ; 10:67 x 105 dyne] 


ee 


24 SOUND WAVES 
CHAPTER 


243. Sound waves as elastic waves. 


Sound is a form of energy. From the source of sound, this energy is propa- 
gated through the surrounding medium in the form of waves. When these 
waves reach our ear we have the sensation of sound. We have already mentioned 
that sound waves are longitudinal. This follows immediately from the fact that 
sound waves are transmitted through air or any other gas, for we know that a gas 
can transmit only longitudinal waves, not transverse waves. 

A source of sound is always ina state of vibration. When a tuning fork is 
struck or a violin string is bowed, sound is produced. If we now lightly touch the 
fork or the violin string, the vibrations can be felt and there is immediate cessation 
of sound, The vibrating body produces a disturbance in the surrounding medium 
(usually air) Waves are, therefore, generated and these waves—called sound 
waves—travel outwards from the source. 

We have already seen that the phenomena of interference, diffraction etc., 
which are characteristics of wavemotion are also shown by sound. This conclu- 
sively proves that sound isa kind of wave. These various evidences in favour 
may be put down in a compact manner as under : = 

(i) For the propagation of sound from one point to other, a medium is nece- 
ssary. In such process, on bodily motion of the medium itself does take place. 
Such mode of propagation is a characteristic of wavemotion. 

(ii) For generating wave, a disturbance must be created in the medium. This 
is also true in the case of sound. All sources of sound are vibrating bodies. 

(iii) Like waves, sound travels through a medium with a particular velocity 
which is greater in solids and liquids than in gases. 

(iv) Sound suffers reflection and refraction obeying the same laws as waves. 

(v) The phenomenon of interference which is a characteristic of wavemotion 
only, is also shown by sound. 

(vi) Diffraction is a distinguishing property of all wavemotions. Sound also 
exhibits diffraction. 

(vii) Sound can travel through a gas. This property and the fact that sound 
' can not be polarized show that sound waves are longitudinal. 

(viii) Actual photograph of sound waves can be taken. j 
All these evidences clearly show that sound is a longitudinal wave. 


Mechanism of propagation of sound waves. 
We know that a vibrating body acts as a source of sound. The sound waves 


thus produced propagate through the surrounding medium as longitudinal waves. 
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To understand the mechanism of propagation of these waves, we shall take for 
simplicity a tuning fork as the source of sound, the surrounding medium being air, 
When a tuning fork is set into vibration, its prongs begin to vibrate to and fro 
about their mean positions. Let us consider the waves generated due to the 
vibration of one of its prongs only, it being understood that identical wavetrains 
proceeding in the opposite direction are also produced by vibration of the other 
prong. 


As the prong of the tuning fork moves outwards towards b, it compresses the 
immediately adajcent layer of air [Fig. 24-1 (a)]. 

t» ill M | | | | | | | | (a) ^ Due to elastic property, this compressed layer 
y jA tries to come back to its normal condition. In 
Ge m (b such endeavour, it compresses the next layer 
3i | ll | | | | |i ) and so on. All the layers therefore, get 


Ill | 
dpa eno compressed in turn one after another. Thus a 
JAEN EA NOE eet Nis Tia 
n HA ANE oci In with a definite velocity. This velocity is found 
JU LEE LE I to depend upon te elasticity and deni ot the 
R CR [e] medium. 
Fig. 241: Propagation of After completion ofthe forward movement, 


sound waves the prong begins to move inwards towards a, 
so that a partial vacuum is created in the region immediately behind it. 
The adjacent layer of air, therefore, expands and a rarefaction (R) is produced 
[ Fig. 241 (b)]. As before, this layer causes a rarefaction of the air layer next to 
it and soon. In this way, every succeeding layer becomes rarefied one after 
another and a pulse of rarefaction is sent out, This pulse follows the pulse of 
compression and travels in the same direction with the same velocity. This goes 
on till the prong reaches the extreme end c of its backward journey. 


So we conclude that during the forward journey of the prong, a pulse of 
compression is produced, while during its backward journey a pulse of rarefaction 
is created. But one forward and one backward movement constitute one complete 
vibration of the prong, Hence during one complete vibration of the prong, one 
compression and one rarefaction travel forward through air. As the durations of 
the forward and backward journeys of the Prong are equal, it follows that the 
length of a compression must be the same as that of rarefaction. 


The above processes will be repeated 
succession of compressions and rarefacti 
[Fig. 241 (c) and (d). These travel forward with the 
longitudinal wavemotion is, thereby, produced, The length 
by the total length of a compression and a rarefaction, 
wave reaches our ear, it sets the Tympanic membrane wi 
vibration in unison with it, Thus the sensation of sound 
discussion is valid for all types of sources and all kinds 
liquid or gas, : 


of the wave is given 
When this longitudinal 
thin the ear into forced 
is produced. 'The above 
of media whether solid, 
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24-2, Sources of sound, 


We have already mentioned that a vibrating body acts as a source of sound. 
However, average normal ears respond only to those vibrations whose frequencies 
lie between 20 to about 20000 c. p. s. 

These lowest and highest audible frequencies represent the limits of. audibility. 
Thisrange of frequency varies considerably from individual to individual. 
Generally the upper limit decreases with age of the individual. We can thus say 
that any vibrating body whose frequency lies within the limits of audibility may 
be regarded as a source of sound. 3 

With proper excitation, all elastic substances may beset into such vibrations 
We have already discussed two such common sources of sound, viz. a vibrating 
string and a vibrating air column. These are widely used in musical instruments. 
A few other most common sources of sound are vibrating rods, plates, diaphragms 
etc. 

In the laboratory, a tuning fork is widely used as a source of sound. It 
consists of a steel bar bent in the shape of U and is provided with a stout stem at 
its bend. It is usually set into vibration by striking one of its prongs with a padded 
hammer. The importance of a tuning fork as a source of sound of single 
frequency. 


24:3, Velocity of sound waves. 


Sound waves propagate through a medium with a definite velocity, the value 
of which varies greatly from medium to medium. Sound travels faster in solids 
and liquids than in gases. That the velocity is not exceedingly large can be 
inferred from many common phenomena. For example, the sound of thunder 
is always heard after the lapse of a few seconds since the flash of lightning is 
actually seen. : 

Newton showed from theoretical considerations that the velocity of longitudinal 
waves in a homogeneous elastic medium is given by 

V=VElp A zr (24:1) 
where E is the modulus of elasticity appropriate to the medium and p isthe 
density of the medium. For solids in the form of a narrow rod or wire, the 
appropriate modulus of elasticity is Young’s modulus because only one dimension 
is involved. Hence the velocity of sound is given by 

V=/Y/p eae ha (242) 

In the case of a liquid or a gas, bulk modulus K must be used since a fluid 
does not possess Young’s modulus or modulus of rigidity. Hence, for a fluid, 
the velocity of sound is given by 

V—4/ K[p p. S (243) 


244. Velocity of sound in gases. ‘ 

(i) Newton's formula : When sound waves travel through a gas, a train of 
compressions and rarefactions follow each other. Compression of a layer produces 
an increase of pressure and consequently, the temperature of the layer rises. As 
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the layer gets rarefied its pressure drops producing a corresponding fall in its tem- 
perature. Newton assumed that successive compressions and rarefactions occur 


Let us consider a given mass of a gas under a pressure P and having a volume 
V. Ifthe pressure is increased by a very small amount D, the volume decreases 
by a small amount y, From Boyle's law, 
PV-—(P4 p) (V—v)=PV—Py+p V—pyv 
The term py being a product of two small quantities’ is negligibly small. 
Neglecting it, we have : 
=pV rupes BS 
v=p or, P: "T2 
But p represents the volume stress and v[V is the volume strair, Hence their 
ratio gives the bulk modulus K of the gas, 
“e K=p 
This result can be obtained alternatively by calculus. Boyle’s law gives PV = 
constant. Differentiating, we get 
PdV+VdP=0 
— .dP Volume stress 
or, P. AVIY — Volume strain Duk modulus=% 
The negative sign indicates that an increase of pressure Produces a decrease in 
volume. 


Hence from eqn. (24:3), we have for the ‘velocity of sound through a gas 
Ve] P: te Xa 944 
"E: (24-4) 


For air at N.T.P., P=76 x 13-6 x981 dyne/cm.? and p=0:001293 gm./c.c. 
Substituting, j 


LE El 
V= EXTSEX BT _ 999 metre/sec. (approx.) 


0:001293 

But the experimentally determined value of V is 332 metre/sec. So the 

theoretical value is too low and for many years, the reason of such discrepancy 
remained a mystery. 1 


(ii) Laplace’s correction. 


Over 100 years later, the source of discrepancy was Pointed out by Laplace. 
He argued that the compressions and rarefactions taking place during the propaga- 
tion of sound occur so rapidly that the rise or fall of temperature during compress- 
ion or rarefaction have not enough time to be dissipated away by thermal contact 
with the surrounding layers of air. The poor radiating and conducting powers of 
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a gas lend support to this argument. The condition is, therefore, not isothermal 
as suggested by Newton but adiabatic. Hence, instead of Boyle’s law, the adiabatic 


equation PV? —constant, should be applied where y is the ratio of specific heat of 
the gas at constant pressure to that at constant volume. 


Now if the pressure be increased adiabatically by a small amount p producing 
a small diminution y in volume, we have 


PY¥=(P+p)(V—v)” =y” (P+p)( 155)" 


Expanding by Binomial theorem, and neglecting the higher powers of v/V, 
which are very small quantities, we get 
d ca k gu CS py 
P=(P+p) [ 157 ) - P7 tary 
Both p and v being. small quantities, the term involving their product viz. pv, 
can be neglected. 


Py 
p=y Y 
or, yP= X JV 


Bulk modulus of elasticity K—yP. 
This result can be derived ina simpler manner by using calculus. From the 


adiabatic equation PV" —constant, we have on differentiation, 


V'dpPyVY?dV-—0 or, VdP--yPdV—-0 
or yP=— Vy —Bulk modulus - K 
Substituting in eqn. (24°3), the velocity of sound in a gas is given by, 
y- te AB. LaL so ED) 


For air ye 1:41 ; taking the values of P and p as before, we get V=332'5 
metre/sec., which is in good agreement with the experimental result. 
This equation shows that the velocity is independent of frequency and ampli- 
tude. For very intense sounds, however, the velocity is found to increase with the 
amplitude. 
24:5, Effect of various factors on the velocity of sound. 


(i) Effect of pressure : Temperature remaining unchanged, a change of 
pressure does not alter the velocity of pecie a gus. : 5 
ture remains constant, or agiven mass of gas, we have 
t Bayle hir PP acca But for a given mass Vol [p where p denotes the 
density of the gas. P/p=constant. Since the velocity of sound is given by 
V-/ yP|p it follows that the velocity of sound in any gas is independent of the 
pressure, so long as the temperature of the gas remains constant. : 
(ii) Effect of temperature : If the temperature of the gas is changed, its 
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density changes producing a consequent alteration in the velocity of sound through 
the gas. 

From the ideal gas equation, we have 

PV=nRT 

where n is the number of moles of the gas, T its temperature in absolute scale and 
R is the universal gas constant. 

If the corresponding mass of the gas be 7i and its molecular weight be M, then 
n=m|M ; 


=M 
PV=14 RT 
Pi RT 


Of, = = 

p mY M 
Combining with the eqn. (24:5) for the velocity of sound through the gas, we get 

T-JYRT. ius . 
a 5 (24:6) 
e Wer 

This shows that the velocity of soundin a gas is directly proportional to the 

square root of its absolute temperature. | 
If V, and V, be the velocities of sound in a gas at the temperature #°C. and 
0°C. "respectively and if T and T, be the corresponding absolute temperatures, 


then ? j 
Ke STL JA23 ( tW 
yal n NV ua | ta ) 
Expanding the r.h.s..by Binomial theorem and neglecting the higher order 
terms of t/273, we get the approximate equation 


xp m JC 
VV, (1+ax 5) i LATER (247) 
1 = i i * =>. t 
Putting V,—332 m./sec., V,—332 (orixgis 20610 m./sec. 


Hence the velocity of sound in air increases by about 0:61 metre/sec. or 
61 cm.[sec. for each degree centigrade rise of temperature. 


(iii) Effect of humidity : Water vapour remains present to some extent in 
the atmosphere. As the density of water vapour is less than that of dry air at the 
same temperature and pressure, the presence of water vapour lowers the density of 
air. Since the velocity of sound ina gas varies inversely as the square root of the 
density, therefore, the velocity of sound in moist air is always greater than that 
in dry air at the same temperature. 

It can be shown that, if V m represents the 
temperature f'C. and pressure P and Vy, 
condition of tenyperature and pressure, then 


Vie) Pot 378f 


where f is the saturation pressure of water vapour at (^C, 


velocity of sound in moist air at a 
the velocity in dry air under the same 
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246. Velocity of sound in different gases. 


Let us consider two gases which possess the densities c, and identi 
sie ps under identical 
conditions of temperature and pressure. Then if the velocities of sound through 
them be V, and V, respectively, we have 


roa 1 and ZEN LE 2 
" ^ 


V. fom 
LP 
[2 Je € Due (24:8) 


So the velocities. of sound in differem gases are inversel 
square roots of their densities. For example, if we want to paie ci ni aed 
of sound in oxygen and hydrogen, then since the density of oxygen is 16 times 
that of hydrogen, we have . 

=y 16 4 

V; vies 
Hence under identical conditions of temperature and pressure, sound travels four 
times faster in hydrogen than in oxygen. 

It should be mentioned that in the above discussion we have tacitly assumed 
that the value of y remains the same for all the gases considered. But the value 
of y depends upon the number of atoms in the molecule ofa gas. The above 
assumption is justified in the sense that all ordinary gases are diatomic and for all 
of them y=1:41. In general, however, we must take into account the nature of 
the gas and put the proper value of y. 

Example 241. Steel has Young's modulus 21x 10" dyne[cm*. and density 
7:8 gm.[c.c. Find the velocity of sound through steel. 


Solution; V= NERNEEIS 10 om. sec. 
: 
—5189 m,/sec. 


Example 242. Sound propagates in kerosene with a velocity of 1330 m.]sec. 
Find the compressibility of kerosene. Given, density of kerosene=0°8 gm.[c.c. 
Solution : v—,. J-K , K being the Bulk modulus of kerosene. 
P 
K=V*p 
—(1:330 x 105)? x 0°8 dyne/cm. 
^. Compressibility =>. 
=7:065 x 10711 cm.?/dyne. 


Example 24:3. Find the velocity of sound in metre per second in carbon 
dioxide gas at 0°C., given that the pressure is 105 dyne per sq. cm., and the 


density 0:00198 gm. per c.c. (y for carbon dioxide is 1:34). 
Solution: 


=y yP =A / T34x10 =260 m./sec. 
We have V, a (00198 Í 
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Example 244. Calculate the velocity of sound in air at 20°C. when the. 
atmospheric pressure is 76 cm. of mercury. Given that y is L'41 and density 
of air is 0:001293 gm. per c.c. at 0°C. 


Solution: The velocity of sound in air at 0°C, is given by, 
aU yP. [ VAUX76X 396x981. 330-5 m sec. 
a ve a 0001293 j 
From eqn. (247), the pe of sound at 20°C. 
m =344°7 
332:5 ( rd XE ) 3447 m.[sec. 


Example 24:5. A person hears a sound of thunder just 4 sec. after he recei- 
ved the flash of lightning. If the temperature of the air be 20°C., calculate his 
distance from the place where the sound originates. | Given, velocity of sound at 
0*C.—332:5 m.|sec. ] 

Solution : From the preceding example, we find that the velocity of sound in 
air at 20°C, is 344-7 m./sec. Now, if the distance required be x, we have 


V= = , Where 443447 m./sec. 
Hence, X—V so X 1573447 x4—1378:8 m. 


Example 24:6. Calculate the velocity of sound in hydrogen assuming the 


velocity of sound in air to be 330 m.[sec. and the density of air to be 14'3 times 
that of hydrogen. 


Solution: Let V, and V, be the velocities of sound in hydrogen and air 
respectively. Now, we have from eqn. (24:8), 


Va=V ax V 143 =330 x 3:78—1248 m/sec. 


Example 247. 4 narrow test tube, 16:5 cm. long emits a note of frequency 
312 c.p.s. when a current of air is blown across its mouth, the temperature being 
10°C. Determine the velocity of sound at 0°C. 


Determine the pitch of the note (a) if the temperature is raised to.20°C., (b) if 
the air is replaced by hydrogen at 10°C. Density at N.T.P. of air=0'001293 
gm.|cc., of hydrogen--0:000089 gm.|c.c. 

Solution: From the relation V=4nl for closed pipe, we have 

V19—4 X512 x 165 cm/sec, in air. 


yo Vw uu 4X512x165 
Veritate 
bun tto 
2233190 cm.[sec. 


6) Yu. (144 Soy 


33190 x 56 om. see. 
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If n, be the altered frequency, we have 
V, 33190 x 566 


m agir ea E 
(b) If m be the required frequency 
x, Ho Repro: 
4 
Since n= Fa (ai) 
s. we have, t= Vio (hydrogen) |. V, (hydrogen) SE 2 IR 
n Vio (air) V, (air). heey 


Z m=5124/ POTIS —1952 cps. 


Example 24-8. A tuning fork of frequency 512 c. 

À .p.s. emits a note of wave- 
length 67-5 cm. in air at 17°C. If the density of air at N.T.P. be 1:293 se per 
ht. calculate the ratio of the two principal specific heats of air. Assume that the 
density of mercury is 13°6 gm. per c.c. 

Solution : Velocity of sound in air at 17°C. 
Vyiz213—512 x 67:5 cm./sec. eur a5 
If p, and p; be the densities of air at 0°C. and 17°C, respectively, we have, 
po — 273+17 _ 300 
"T Nip: EM: 


273 
300 
Va- P x76x136x980x300 — (qi 
y JT 0001293x 273 — @) 
From (i) and (ii) we get 
y-:1:39. 


Example 24:9. At what temperature sound travels in nitrogen with the same 
velocity asin oxygen at 15°C., given that the atomic weight of the gases are 14 


and 16 respectively. 
Solution : Let the required temperature be T*K. Velocity of sound in 


pi ee =0:001293 x 


nitrogen at T°K. 
Vu a / 2T vx TR Ae 
WA 2x14 © 
Also, velocity of sound in oxygen at 15°C. 
a, fy (2734-15) 3 2 (Qi 
V, PM x16 (ii) 


Since Vy=V,, from (i) and (ii) we get, 
ran ee =252°K. 


+, The required temperature is —21°C. 
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2477. Determination of the velocity of sound, 


(i) In sir: In the year 1829, Arago carried out the measurement of the 
velocity of sound in air. In the experiments, two observers were stationed on the 
peaks of two hills several miles apart. One of the observers fired a gun. With 
the help of astop watch, the other observer noted the interval between seeing 
the flash and hearing the report. A large number of observations were made and 
the mean time interval ( t sec. ) was calculated. Ifthe distance between the two 
stations be x, then the velocity of sound in air is given by 

Vest. (24:9) 

In the above determination, it was tacitly assumed that light travels with such 
high velocity that the flash was seen by the second observer the moment the gun 
was fired by the first. 


Though the method is a simple one, it is liable to'a mtmber of errors which are 
discussed below :— : 

(a) Effeet of wind: The velocity of sound is affected by the velocity of wind. 
The sound travels more rapidly with the wind than against it. Let the velocity of 
the wind be y. If the true velocity of sound (in still air) be V, then with the wind, 
the velocity of sound will be V-+-y, while against the wind, it will be V — y, 

To eliminate this error, observations are taken in both directions. Both 
the observers are provided with a gun and a stop watch. When one fires the gun, 
the other measures the time interval, say fı. Then the second -observer fires the 


gun and the first notes the interval, say fy. Ifthe wind is s sed to be blowi 
from the first station towards the second, then Sg E 


Vira. and y—y-X. 


=> 5 he we fe aka (24°10) 
Hence the error due to wind is eliminated. 


If the wind is blowing obliquely across the line joining the two observers, the 
calculation is a bit complicated ; the above value, however, approaches very near 
the true value, except when the velocity of wind is too large. 

(b) Personal equation : Yn performing any type of observation an appreciable 
interval elapses between the actual event taking place and the observer 


$ realising 
that it- has occurred, The interval between an impression being received and 
the actual recording being done by the observer-is called his personal equation. 


The personal equation differs for different observers. For a well trained 
observer, it is usually of the order of 1/10 second. : 
This error can be eliminated only by automatic recording ofthe interval by 
electrical means. 
: (c) Effect of temperature and humidity of air: As we have seen earlier 
(vide Art. 24:5) the velocity of sound depends upon the temperature and the 
humidity of air. The mean temperature and the relative humidity of air during 


the experiment were measured and the necessary corrections were employed to 
find the velocity of sound in dry air at 0°C, ` 
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(ii) Medea of sound in water: Inthe year 1825, Colladon and Sturm 
determined the velocity ofsound in water by carrying out i i 
Um y carrying the experiments in. 

Two boats were anchored at a considerable distance apart. A bell hung under 
‘water from one of these boats; in the other, a large trumpet shaped receiver 
dipping well below the water surface was arranged. An arrangement was made 
whereby a small quantity of gunpowder was ignited when the bell was struck, 
The observer in the other boat measures the interval between seeing the flash and 
receiving the sound of the bell in the under-water receiver. Hence the velocity of 
sound in water can be found. The value obtained was 1435 metre per sec. at 
8:1*C., i.e. about four times the velocity in air. i 

(üi) Velocity of sound in solids: Biot was the first to carry out the 
determination ofthe velocity of sound in cast iron. He constructed a very long 
pipe of cast iron (about 1000 metre) by joining end to end a large number of 
pipes. On striking a hammer at one end, two reports were heard at the other ; 
the first was due to sound travelling through the iron pipe and the second due to 
sound passing through air. The interval, t, between the reports was measured. 

If V, be.the velocity of sound in iron and V be that in air under the experi- 
mental conditions, then 


L L y 
= tes "m ade 24: 
=F A (24:11) 
` where L is the length of the pipe. 
LV 
V= 
1 -yt 


Hence V, can be determined if V is known. 


Example 24:10. 4 person X on the top of a mountain fires a. gun. Auother 
person Y on the top of another mountain heard the sound 5 sec. after seeing the 
flash. If the distance between X and Y be 1750 m. find the velocity of sound in 
air. 

Solution: “Velocity y distance E 1750. 550 m fec. : 

1 time r : 

Example 24:11. Two persons A and B are stationed atthe top of two 
mountains distant 5:5 km. from one another. A heard the report of B’s gun 
16:5 sec. after seeing the flash. Later, A fires his gun and B heard the report 
15:5 sec. after seeing the flash. Determine the velocity of sound and the component 
of the speed of the wind along AB. 


Solution : From eqn. (2410), the velocity of sound - 
l 41 _)=3441 m.Jsec- 
| y-$x5 5x10 L1. 344-1 m./sec 
'The component of the velocity of wind along AB is given by 
5:5 x10 344] 


_ x = 
a 95 tr 


1 
=10°8 m./sec. 
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248. Reflection and Refraction of sound waves. 

In the previous chapter we have seen that when waves are incident on the 
boundary separating two homogeneous media, reflection and refraction of waves 
take place according to definite laws known as the laws of reflection and laws of 
refraction. These laws hold true for all types of waves. Hence sound waves 
also exhibit the phenomena of reflection and refraction which can be demonstrated 
simply by the following experiments : 

Demonstration Experiments. 

(a) Reflection at a plane surface: A large plane wooden board W is 
mounted vertically on a table. This board acts as the reflecting surface. Two 
hollow tubes 4 and B are placed horizon- 
tally in front of the board [Fig 24-2]. 
Their axes meet at some common point, 
say O, on the board. The tube B can be 
turned horizontally about the point Q. A 
wooden screen S is placed in between 
the tubes. 


A small watch is held close to the end 
ofthe tube A as shown in the figure. 


REFLECTOR O Ww 


aa 


AT 
, ^ 


.8 "The observer's ear is pressed to the end of 
Fig.242: Reflection of sound B and the tube is slowly turned to 
at a plane surface determine the position at which the ticking 


sound of the watch is heard most clearly 
and loudly. It will be found that at this position, the tubes subtend equal angles 
with the board. 3 

Hence if we draw normalto the board at the point O, the angle between the 
normaland the axis of the tube 4 ( angle of incidence ) will be equal to that 
between the normal and the axis of the tube B (angle of reflection). If the tube 
B is displaced in either direction from this position, no sound will be heard. This 
demonstrates that sound waves obey the law of reflection. The screen S cuts off 
the direct sound of the watch from the ear. - 

(b) Reflection at a curved surface: Two large concave reflectors. M, and 
Ms, mounted on stands are placed facing .. M, M 
each other on atable [Fig. 243]. The : 
axisofone is made coincident with that 
ofthe other. A small watch is kept at the 
focus of one of the reflectors, say M}. A 


funnel F is placed at the focus of M,. A 7 

rubber tube is fastend to the end of F, On & E ss 
placing the ear to the other end of the tube = 
at E, the ticking sound of the watch can Fig. 243: Reflection of sound 


be heard distinctly. If either the funnel Sta concava surface 


F or the mirror Mp is displaced slightly, the sound becomes inaudible. 
This happens because the sound waves from the watch will be reflected by Mı 
and will proceed as a parallel beam towards M;. On being reflected from Ms, 
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the sound waves will converge towards the focus of Mg. Hence the ticking sound 
can be heard distinctly only at the focus of Mg. 

(c) Refraction bj a ‘lens’ : A large ‘lens’ about 6 inches or more in diameter 
is made by cementing two discs of oiled silk or cellophane together round their 
edges and filling the space between them with a gas which is denser than air, e.g. 
GO,. It will act like a converging lens. 

A watch is placed on one side of this lens ata comparatively large distance 
from it [ Fig. 244]. The ticking of the i 
watch can be heard distinctly by placing ; 
the ear at some particular point Eon the 
other side of the lens. The position of 
this point can be found by trial. At other 

ints, nearer or further from the lens, the im. 24° 
ve Mgr s Fig. 24:4 1 Refraction of sound 
- This shows that sound waves from the watch are refracted by the ‘iens’ and 
converge at a particular point on the other side of it. 

Ifthe ‘lens’ is made of a gas which is less dense than air, e.g. hydrogen, it 
will act like-a diverging one and no such point of convergence of sound can be 
found. 

An important discussion : When a wave is incident on a reflecting surface, 
reflection occurs when the size of the reflector is fairly large in comparison with 
the length of the said wave. For regular reflection, the irregularities on the 
reflecting surface should be of dimensions much smaller than wavelength of the 
incident wave. 

Wavelength of sound is much longer than that of visible light.. The range of 
wavelength of audible sound extends from about 1'5 cm. to about 16 metre 
whereas that of visible light from about 4 x 1075 cm. to about 8x 1075 cm. Hence 
for the reflection of sound waves, much larger reflectors are required than those 
necessary for visible light. However, for visible light, the reflector should be very 
smooth whereas this is quite unnecessary in the case of sound waves. Thus build- 
f trees, mountains, clouds etc. serve as good reflectors of 


ings, brick walls, a row 0 
sound but not of light. On the other hand, a small mirror reflects light but not 


sound. 
249. Practical applications of refiection of sound. 


G) Speaking ywbe: This is simply a metaltube [Fig. 245] When 
words are spoken at one end of the tube, 


wae the sound waves proceed through the 
SANA VY YY X tube by suffering repeated reflection 
Jy OA tom d fes The Bes of the say 


therefore, remains confined within the 
Fig.24.5: Speaking tube limits of the tube. When the ear is pressed 

to the other end of the tube, the words can be heard clearly and distinctly. 
A doctor's stethoscopes or the horns of a gramophone males usc of this 


principle. 
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(ii) When one speaks inside a room, the sound gets reflected from the walls, 
floor and ceiling. The intensity (i.e. loudness) of the sound, thereby, increases. 
This advantage is not available in open air. Hence the difficulty of speaking or 
singing in the open air compared to that in a small room. 

(iti) In large rooms or in public halls multiple reflections of sound from the 
walls, the floer and ceiling gives rise to a sensation ofthe prolongation of the 
sound. This phenomenon is known as reverberation. Asa result, speeches or 
songs may become indistinct leading to difficulty to the audience. 

To prevent this, the floors of the halls are carpeted and the walls are coveted 
with raaterials which aregood absorbers of sound so thatmultiple reflection of sound 
is minimised to the desired extent. Presence of audience also minimises reverbe- 
ration because our bodies and clothes act as good absorbers of sound. For this 
reason, it is often easier to speak before a large audience than in an empty hall. 

(iv) The roliing of thunder is also due to multiple reflections of sound from 
different layers of clouds and land surfaces. 

(v) In churches or in auditoriums, a concave reflecting surface is placed 
behind the seat of the orator. The seatis arranged to be at the focus of the reflector. 
The reflected sound proceeds as a parallel beam and thereby enables the audience 
seated at the other end of the hall to hear the voice of the speaker clearly, This 
design has been rendered obsolete after the invention of amplifiers. 

(vi) Toheara distant feeble sound we usually place the palm at the back of 
the ear in a curved way. The sound waves being reflected from the curved face 
of the palm converge towards the ear. This increases the intensity of the sound 
which becomes audible. 


24:10. Echo. 


The most familiar example of the reflection of sound is the phenomenon of 
echoes. Jf a sound is reflected back from an obstacle to the observer in such a 
way that he hears it distinctly as a repetition of the original sound, an echo is said 
to be produced. Walls, large buildings, cliffs, hillsides, woods etc. act as good 
reflectors for the production of echoes. 

Minimum distance of the reflector : (i) Sound of short duration: When 
we hear a sound, its impression persists in our hearing mechanism for about 1 /10 
second. Thisis known as persistance of hearing. For this reason, we can dis- 
tinctly hear two sounds as separate only if they reach our ears at least 0*1 second 
apart ; otherwise we get the impression of a single sound. Hence we can say that 
an echo is heard only when the reflected sound reaches our ears at least 0*1 second 
after the arrival of the original sound. The reflector must be placed at such a 
minimum distance from the observer that the time taken by sound in its journcy 
to the reflector and back to the observer is at least 0-1 second. Taking the velocity 
of sound in air under ordinary conditions to be 340 m./sec. approximately, sound 
travels 34 m. in 0'1 sec. Hence, in order that an echo may occur; the reflecting 
surface must be at least 34/2—17 m. away from the observer. 

(ii) Articulate sound: To hear the echo of an articulate sound, the refietting 

surface must be situated at a still greater distance. This happens due to the fact 
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that a man cannot distinctly pronounce more than 5 syllables in one second : our 
ears also can not recognise as separate more than 5 syllables in one second ; in 1/5 
second, sound travels 68 m. Ifa man utters a single syllable, say a, he will hear 
the echo distinctly if the reflected sound arrives after 1/5 second, Hence the 
reflecting surface must be situated at the minimum distance of 68/2—34 m. from 
him. 

If the man pronounces three syllables, a, b, c for example, the reflector being 
situated at the same distance i. e. 34 m. from him, the echo of the first syllable a 
will reach him at the moment he is about to pronounce the second syllable b. So 
he can not hear the echo of a distinctly. Arguing similarly, we reach the conclu- 


syllable, viz. €; 
man stands at a distance of 2x34 m.=68 m. 
able to hear the echo of the last two pronounce 
called a disyllabic echo. So we can conclude that 


m. from the observer, the echo of the last pronounced 7 syllables can be recogn- 


ised distinctly. Echoes in which two or more syllables can be distinguished clearly 

are generally called poly-syllabic echoes. 
Multiple echoes : If an observer 

separated by a distance 


This happens because sound reflected 
d soon. The observer thus gains the impression of 


back by of the other an 
multiple echoes. However due to absorption of sound at each reflection, the 


successive echoes will be more and more feeble. 
sound of thunder occurs due to multiple reflections 


and land surfaces. r 
Practical applicatione. (i) Determination of the yelocity of sound: The 
velocity of sound can be d ined roughly by making use of the phenomenon 


of echo. Let us suppose that the observer is 
standing at a known distance, say x, from à 
suitable reflecting surface. * must be greater 


is received. If the veloci of sound under 
itions be V, then 


2x d (2412) 


\ phone H (an under-water microphone) ; 
d dai water at one end © ip [Fig 24 6. As 
P-1/37 


\ 
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explosive material E is kept under water at the same level from the other end of 
the ship. When the charge is exploded, the hydrophone receives two sounds : 
one that travels directly along the path EH and the other that travels along the 
path EO to the bed of the ocean, is reflected and travels back along OH. The 
intervals t; and f which elapsed from the explosion to the actual reception of the 
two sounds are noted electrically. IfV,, bethe velocity of sound in sea water 
under the given conditions of the experiment, 


then EH=V,,t, 
^ EA=AH=Vyt,/2 
and EO+OH=V wt, But EO—OH 


EO =OH=V „t:|2 
h=OA=/ BOXER = e y Fa 


= t? 


If the hydrophone or the explosive lies at the depth x, then depth of the ocean 
is given by 


V, TUE EIN 
D=x+h=x4+ Vv te—t? 


The height of a flying aeréphane can be determined similarly, but the 
B calculation is somewhat different. Let 
a Jer us suppose that an aeroplane is flying 
horizontally at a height H along the path AB 
with a velocity y [Fig. 24-7]. At Aa sound 
is produced and the echo is received after à 
time t when the plane is at B. The path of 
sound is AOB, where obviously AO=OB ; 
OC=H. Then if the velocity of sound in air 
under the given conditions be V, then 


O 
ud AO+OB=Vt +. AO=OB=V1/2 
ote. AXE ^ AC=CB=AB)2—vt/2 
H=0C=/ A0 AC 
=! ype 
ma v y*—v 


Example 24:12. 4 person fires a. gun and hears the echo from a distant cliff 


after 5 sec. Find the distance of the cliff from the person. Given, velocity of 
sound=340 m.|/sec. 


Solution: From eqn. (24°12), the distance is 
xc 3X0 850 m. 


Example 24:13. 4 manata certain distance froma cliff notes that the 
interval between a sound he makes and its echo is 4 sec. He then approaches the 
cliff by 170 m. and finds the corresponding interyal to be 3 sec. Calculate (a) the 
velocity of sound and (b) the man's original distance from the cliff. 
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Solution : Let d be the original distance of the man from the cliff. Then 
from eqn. (24:12), we get, 


AV 
= =y A tih Wo 
3V 
and d—170—77- wey lal: LAD) 
Solving (1) and (2) we get, 
V —340 m./sec. 
and d=680 m. 


Example 2414. Find the minimum distance of a reflecting surface which 
produces a clear echo of a sound consisting of 3 Syllables. Given the velocity of 
sound— 1120 ft./sec- 


Solution : Since one fifth of a second is required to pronounce and hear one 
syllable distinctly, hence the minimum interval between the sound of 3 syllables 
and its echo should be $ sec. 

The required minimum distance 


qn 3x19 =336 ft. 


24:11. Some phenomena due to refraction of sound. 


As mentioned below, sound wave in its passage through the atmosphere some- 
times gets refracted and gives rise to the following interesting phenomena : 

(i) Effect of wind : Presence of wind gives rise toa kind ofr faction of 
sound waves. Fig. 24-8 (a) shows the plane wavefronts of sound travelling 
parallel to the ground in still air. Usually 
the velocity of wind, if present, increases 
with distance above the ground. When 
the wind blows in the same direction as 
that of sound waves, then the upper part 
of the wavefronts travels faster than the 
lower. Asa result, the wavefronts bend 
towards the ground [ Fig. 248 (5). 
Audibility along the ground is, therefore, 
enhanced. 

If, on the other hand, wind blows 
against the direction of propagation of 
sound, then the upper portion of the wave- 
fronts travel slower than the lower portion. Fig. 248: Refraction of soun d 
Consequently, the wavefronts bend due to wind 
upwards and the audibility along the 
ground gets diminished [ Fig. 24°8 (c) ]. This explains why sound is more clearly 
heard with the wind than against it. 

(ii) Effect of variation of temperature: The velocity of sound through a 
medium depends upon the density of the medium ; smaller the density, greater 


will be the velocity and vice versa. On a hot sunny day, the air 
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near the ground is warmer than that at higher levels so that the density of air 
gradually increases with height. Consequently, sound wave travels faster near the 
ground than it does at upper levels. If we consider plane wavefronts of sound 

moving parallel to the ground, then due to this 


SOUND NN cause the wavefronts will bend away from the 
| (2) ground as shown in Fig. 24:9 (a). Thus the 
WARM SURFACE audibility will fall off rapidly with distance along 


the ground. 
SOUND | | | | / // Onthe other hand, during the night time 
COLDSURFACE (b the air near the ground becomes colder than that 
at higher levels. Due to the consequent 
Fig. 42:9 : Refraction of sound upward decrease in density, the velocity of 
due to variation of temperature sound increases as it goes upwards. Asa result, 
the wave fronts will bend downwards as shown in Fig. 24:9 (b) and the audibility 


at ground level gets enhanced. Hence distant sounds are heard more clearly at 
night than during day time. 


24:12. Musical sound and noise. 


Sound may be divided roughly into two categories : (i) Musical sound and 
(ii) Noise. Any sound that seems pleasant to hear is said to be musical 3 ifit 
appears unpleasant, it is called a noise. This -distinction is given from the phy- 
siological point of view. 

The classification can also be made from the physical point of view. We know 
that sound is produced by a vibrating body. A musical sound is produced when 
the vibrations are regular or periodic. Sounds emitted by a vibrating tuning 
fork, string or an air column etc. furnish some examples of musical sound. On 
the other hand, noises are produced when the vibrations are irregular or non- 
periodic. Sounds produced by heavy traffic, running machines, an aircraft about to 
take off, water spurting out of a tap etc. are termed as noise. Sounds of an abrupt 


nature are also classified as noise. Examples are provided by the firing of a gun, 
by a hammer striking a nail etc, 


It should be mentioned that no hard and fast line of demarkation may be 
drawn between a musical sound and a noise. Noises repeated at regular intervals 
may seem to be pleasant. The pattering sound of rain falling on a tinned roof, 
the murmuring ofa rivulet etc. are some examples. On the other hand, many 
musical sounds are not completely free of noise, Fo 


r example, when a bell is 
struck by a hammer, both noise and musical sound are produced. Moreover, the 


distinction between the two is rather subjective in character. The same sound 
Which seems to be musical to one person may appear to be noisy to other persons 
and under different conditions, 


2413. Note and Tone. 
prd sound having a single frequency is called a tone. Obviously a tone is 


Am 
produced when the source of sound executes S.H.M. The prongs of a tuning 
fork execute S.H.M. Hence the sound emitted by a tuning fork is a tone. 
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A musical sound, however, generally consists of number of components having 
different frequencies. Sucha sound is called a note. In this case the source also 
vibrates periodically in a complex manner. Examples are provided by the 
musical sounds emitted by a vibrating, air colcumn etc. 

Any periodic motion can be obtained by the su sition of a num 
S.H.M.s. It follows, therefore, that a note is a inire ae: several Be ia ja 
optical analogy is provided by white light which is a combination of light of seven 
different colours. In a note, the fundamental tone or prime tone and those 
possessing higher frequencies are called the overtomes or upper practical tones. 
Those overtones whose frequencies are integral multiples of the frequency ofthe 
fundamental are called harmonics. The particular harmonic whose frequency is 
double the tundamental frequency is called the second harmonic or octave of the 
fundamental. Clearly, all the harmonics are overtones but all overtones are not 
harmonics. For example, if the note emitted by a musical instrument consists of 
the tones of frequencies 320, 480, 640, 800, 960, then the tone of frequency 320 is 
the fundamental and the others are overtones. Out of these overtones, those 
having the frequencies 480 and 960 are the octave, while the remaining two having 
frequencies 480 and 800 are not harmonics. 


24-14. Characteristics of a musical sound. 


One musical sound differs from the other in three fundamental particulars ; (a) 
Intensity (b) Pitch (c) Quality. 

(a) Intensity; Itis defined as the rate of flow of sound energy through unit 
area placed normal to the direction of propagation of sound. 

The loudness of a sound is the magnitude of the auditory sensation produced 
by the sound. Intensity of a sound determines its loudness. With increasing 
intensity, the loudness ofa sound increases. The converse is also true. Clearly, 
the concept of loudness is subjective ; it depends on the ear and judgment of the 
individual observer. Two sounds of equal intensity may not appear to be equally 
loud to different observers if the sounds differ greatly in frequency. So loudness 
of sound depends also upon frequency. It is evident that intensity and loudness 
are not the same. Intensity isa physical property of sound whereas loudness is a 
physiological property. 

It may be mentioned that intensity is a characteristic of every sound which may 
be musical or not. 

Intensity depends on the following factors : 

() Amplitude of vibration of the source : 
of sound vibrates with a larger amplitude. The converse is also true. 
the intensity of Sound is proportional to the square of the amplitude. 

The effect can be easily understood because if the source vibrates with a 
greater amplitude, is imparts large amount of energy to the surrounding medium 
and hence the amount of energy reaching our ear also increases producing the 
sensation of a louder sound. 

(ii) Size of the source : A vibrating body of larger area sets into vibra- 
tion a greater volume of the medium and thus sends out a greater amount of 


Intensity spcreases if the source 
In fact, 
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energy. Hence larger the size of the source, louder will be the sound produced 
by it. For example, a kettledrum produces a much louder sound than a tabla, 

(iii) Distance from the source : Intensity of a sound falls off inversely 
as the square of the distance of the listener from the source, producing a corres- 
ponding diminution in its loudness, This occurs because as the sound energy 
travels further from the source, it spreads out over a larger area and hence 
the rate of flow of energy per unit area decreases. The intensity is, therefore, 

‘Jowered. The above law is known as inverse square law. 

(iv) Density of the medium : Density of the medium affects the inten- 
sity of the sound. Greater the density, louder will be the sound. 

(v) Presence of other bodies : Suitable bodies of larger surface area pre- 
sent near the source may be thrown into forced vibration whence the intensity 
of the sound will be enhanced. This is utilised in intensifying the sounds 
emitted by a tuning fork, or a vibrating string with the help of a sounding 
box. If the neighbouring bodies be set into resonant vibration, intensity incre- 
ases by a much more marked degree. The case of resonant air column used 
for determination of velocity of sound is an example. . 

Presence of suitable reflectors also increases the intensity of sound. 

(b) Pitch: The characteristic of a musical sound ‘by which a sharp or a 
shrill sound is distinguished from a dull, flat sound of the same intensity is 
called its pitch. Shriller sounds arè said to have higher pitch. If we press 
the keys of a harmonium one after another, different notes are heard due to 
the difference in pitch. 

The pitch of a note is usually expressed by its frequency. Greater the fre- 
quency, higher will be the pitch. The converse is also true. This dependence 
of pitch on frequency can be illustrated by loading a tuning fork with a drop of 
wax. This will reduce the frequency of the fork and it will emit a flatter sound. 

We know that an increase in the tension of a string raises its frequency of 
vibration. It will be found that the string then emits a shriller sound i.e., the 
pitch becomes higher. 

Wavelength being inversely proportional to the frequency, sound of shorter 
wavelength is of higher pitch ; conversely sound of longer wavelength has 
lower pitch. 

It should be noted that pitch is a particular property of musical sound ; 4 
noise has no definite pitch. The optical analogue of pitch is the colour of light. 
Hence it is often called musical colour. 

Although pitch is determined mainly by frequency, it had been found that 
pitch is also influenced by intensity and waveform. Increase in intensity by 
keeping the frequency constant raises the pitch of a tone ; however, for fre- 
quencies greater than 1000 Hz, the change of pitch with intensity is negligible. 
Moreover, tones of very short duration have a lower pitch than those of longer 
duration, for the same frequency. 

Clearly, pitch and frequency are not identical, Pitch is a physical property 
of sound, but frequency is a physical property. Frequency of a sound does not 
depend upon other factors like intensity etc. 
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(c) Quality : The characteristic of a musical sound which enables us to 
distinguish between notes of the same pitch and intensity produced by different 
sources is called its quality or timbre. Due to this feature of a musical sound, 
we can distinctly recognise the- sounds produced by different instruments in an 
orchestra although all of them are playing the same note. 

Generally the sound produced by an instrument is not a pure tone but 
a note consisting of a blending of several simple tones. The frequency of 


the fundamental which is relatively most 
intense determines the pitch of the note. 
The presence of the overtones determines 
the quality of the note, The qualities of 
two notes are distinguished by the num- 
ber of overtones present and their rela- 
tive amplitudes. As the resultant wave 
curve is obtained by the superposition of 
all the components present, any change in 
these two factors will bring about a 
change in the waveform of the sound pro- 
duced. Hence we may simply say that 
the qualities of two notes will differ when 
their waveforms are different. 


The quality of a musical sound 
does not depend upon the relative 
phase of the tones present. 


Fig. 2410 

Graphical representation : The distinction between two notes brought 
about by a change in any one of the three characteristics mentioned above is 
illustrated in Fig. 2410 by drawing the wave curves. In Fig. 2410 (a) the 
two waves have the same form and the same frequency, but their amplitudes 
are different. Hence the notes represented by these wave curves will differ in 
loudness, Fig. 2410 (b) illustrates two waves of the same form and of the 


i i 7 i tly the notes corres- 
same amplitude. But their frequencies differ. Consequen' | 
ponding the two waves will differ in pitch. The waves shown in Fig. 2410 (c) 


possess the same amplitude and frequency but their wave-forms are different. 


Hence the qualities of the corresponding notes will be different. 


2415. Recording and reproduction of sound. 


ili i i i g rd player, tape 

one of us is now familiar with various devices e.g. Teco! y 
Nes etc,, which can reproduce faithfully the sound recorded earlier. In 
films also recording and reproduction of sound play an important role. Gener- 
ally speaking, sound is recorded by first converting the sound energy into 
di energy. the electric current fluctuating in an identical manner as the 


waveform of tbe sound. With a proper arrangement, these fluctuations are im- 


printed on a suitable surface which thereby stores the waveform for subse- 
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quent reproduction. In the process of reproduction, a suitable device follows 
the fluctuations of the imprint and produces an electric current varying in the 
same manner. When this is reconverted into sound, we get back the original 
sound. ; 

(i) Record player : In the modern method of recording, sound waves 
are converted into a fluctuating electric current with the help of a microphone. 
This current is then properly amplified with an electronic amplifier [Fig. 24-11 
(a). The amplified fluctuating current sets a cutting stylus into transverse vibra- 


MICROPHONE 


Fig. 2411 


tion, the amplitude of such vibration varying in the same manner as the variation 
in the current. The cutting stylus is pressed against a disc of wax which can 
rotate at a constant speed. As the disc rotates, the stylus is arranged to move 
slowly and radially inwards. When the sound to be recorded is fed into the 
microphone, a wavy spiral groove is, therefore, cut in the wax disc. The wax 
record is too soft for general use and the recording is transferred to a copper 
disc by an electroplating technique. This is called a master record and has 
tiny ridges which correspond to the grooves of the original record. Thousands 
of copies are then made by pressing this master record against discs of shellac or 
plastic which are softened by slight warming. Generally two master records of 
different sounds are pressed simultaneously on the two faces of these discs. 
This leaves on their surfaces grooves identical to those cut in the original 
recording. If a record is viewed under a microscope, this wavy spiral groove 
can be easily noticed. 


To reproduce the sound, this record is placed on a turntable and rotated 
uniformly with the same speed as that employed in recording. A device, known 
as ‘pick-up’, presses a needle against the record, the needle being such that it 
fits into the groove [Fig. 2411 (b). As the record rotates, the needle follows 
the groove whose wavy irregularities thereby causes the needle to vibrate from 
side to side. The pickup converts back these vibrations of the needle to a 
fluctuating electric current. This current is fed to an electronic amplifier. This 
amplified current from the amplifier is then led to a loudspeaker and the re- 
corded sound is reproduced. 


(ii) Sound film : Two methods are in use for recording sound on films, 
viz., the variable density method and the variable width method, We shall 
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discuss in short only the former. The sound to be recorded is converted into 
a fluctuating electric current by a microphone. This is then amplified and 
allowed to pass through a special form of lamp. In accordance with the vari- 
ation in the strength of the current, the intensity of the lamp also varies. The 
light from the lamp is focussed on a fine slit whose image is cast on the edge 
of the cinema film. The film moves past the slit at a steady rate. Due to 
the variation in intensity of the incident light, different parts of the film will 
receive different amount of light. On developing the film, a band of varying 
blackness will consequently appear along the edge of the film. 


To reproduce the sound, light from a bright source is passed through a 
narrow slit and is focussed on the sound-track part of the film. The transmitted 
light is then incident on a photo-electric cell whereupon a small electric current 
is generated. The magnitude of this current is proportional to the intensity 
of the light falling on the photo-electric cell. As the intensity of the light 
transmitted through the film varies according to its degree of blackness which 
corresponds to the waveform of the original sound, the current generated by the 
cell also fluctuates accordingly. This varying electric current is amplified and 
fed into a loudspeaker whence the original sound is reproduced. 


(ii) Tape recorder : In tape recorders, sounds are recorded on a plastic 
tape impregnated with finely powdered iron oxide. The tape is drawn past a 


recording head with a uniform speed. The 
recording head consists of an electromag- 
net with a very narrow gap between its 
poles [Fig. 2412]. The amplified fluctua- 
ting current from the microphone is passed 
through this electromagnet, the field of 
which, therefore, varies according to the 
waveform of the sound to be recorded. As 
osiagi the tape moves past the recording head, it 
IL becomes magnetized by this field, the 
Fig. 2412 degree of magnetization varying from place 

to place in accordance with the variation in the field. In this way the original 
sound is recorded on the tape. When the tape is played back, it moves past 
a similar head, called the reproducing head, at the same speed used in recor- 
ding. Since the tape is magnetized, it produces a weak magnetic field in the 
reproducing head, the strength of which varies with the fluctuations in the degree 
of magnetization of the moving tape. Consequently a varying electric current 
in induced in the coil. This is amplified and passed into a loudspeaker when 


the original sound is reproduced. 


CURRENT CARRYING COIL 
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@ EXERCISE @ 
(A] Essay type questions. 


1. Mention the various evidences in favour of the fact that sound is a kind of wave. 
Explain the mechanism of propagation of sound through air, i 
2. What is the difference between sound wave and light wave? Discuss the patura of 
sound wave with illustrations, 3 [ A. $.*79] 
3. State Newton's equation for velocity of sound in a medium. Deduce with proper 
reasoning Newton's expression for the velocity of sound in a gas. Obtain Laplace's correction 
the above formula. ; 
5 4. What are the effects of (a) pressure (b) temperature (c) density and (d) humidity on the 
locity of sound in air ? Discuss in detail. . - 
2 à Dtbdias how the velocity of sound in air can be measured. Discuss also how the various 
sources of error can be eliminated, 


8. Briefly explain how depth of ocean at different points may be measured by using sound 
waves. Also explain the kind of sound waves necessary for revealing minute details of the 
ocean bed ( i. e, ocean floor ) by this method. { Jt. Entrance °75 | 

9. What is the difference between a musical sound and a noise ? 

What do you mean by a tone and a note ? Bring out clearly the difference between the two. 

10. Discuss the characteristics of musical sound, On what factors do they depend ? 

[H. S '80] 

11. Describe twoexperiments for demonstrating reflection and refractionof sound, Describe 
the working principle of an instrument which provides a practical application of the reflection 
of sound, 


[B] Short answer type questions, 


1, The velocity of sound is generally greater in solids than in gases at N.T.P, why ? 


[1.7. 7.77) 
2. Explain why sound is heard at greater distances (a) at. night than during day time (b) 
in the direction of the wind than in the opposite direction, 


3. Lightis reflected by a small mirror but not sound ; on the other hand sound is reflected 


in summer than in winter ? [T I. 7.773] 
by an open 


(i) its mouth is suddenly closed by hand 
(ii) air in it is replaced by carbon-dioxide gas 
(iii) hot air is blown in the pipe, and 
(iv)* greater amount of moisture is introduced in the pipe. 
6. How do the same notes ( of the 


same fundamental frequency ) from different musical 
instruments differ ? (LL. T. 70] 
7. No echo is heard when à sound is produced very near a wall or a cliff, Why ? 
8. Explain with reasons whether the following statements are true or false :— 
(i) Louder sound is emitted from a hollow vessel, 
(ii) Any vibrating body can act as à source of sound, 


(ii) The elasticity of the medium Plays a definite role in the Propagation of sound 
waves, 


(iv) Interference and polarization of Sound wave is possible, 


(v) Both pressure and temperature have no effect on the velocity of sound in a gaseous 
medium. 


[ Jt. Entrance '73 } 
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(vi) The velocity of sound is completel i 
vi À ly independent i 
vii) In a rainy day sound travels faster raw sre, Pur mper eem 
(viii) - A tuning fork emits a musical sound. f s 
(ix) A musical sound can not always be distingui 
guished clearly from a noi 
(x) Sound from a sour i itable 
ice ce may be intensified by the presence of suitable neighbouring 
(ix) Intensity of sound does not depend upon th i 
(xii) A thicker string emits a sharper idd.. im cele gies em 
(xiii) If a tuning fork is filed, it will emit a flatter sound. 
(xiv) yeu. of the pris determines the pitch of a note. 
(xv) A musical sound is uced only when the source is vibrati 
À ing in S.H.M. 
[ 9. Each property of sound listed in column 4 below depends upon one quantity li 
in column B, Write down the suitable pairs from the two columns : UM 


Column A Column B 
Pitch Waveform 
Quality Frea 
Loudness Intensity (1.1. T.'80) 


10. How can you increase the pitch of a sound emitted from a vibrating string. 
[ Jt. Entrance '83 ) 


11. A plane wavefront of sound travelling through air is incidenton a plane surface of 
water. The angle of incidence is 60° : Assuming that Snell's law holds true in the case of 
sound waves, it follows that on refraction in water, the sound wave will move away from the 

her the statement is true or false. [L I. T.84] 


normal. State with reasons whet 

12. What are the factors that make the voice of your one friend from that ofthe other 

different? How can you explain the roar of a lion and buzzing of a mosquito from the point 
[ Jt. Entrance 721 


of view of the charcteristics sound ? 


(€] Simple Problems. 
1. Copper has Young's modulus 11:8 x 10? dyne/cm*. and density 8'6 gm./c.c. Find the 
velocity of sound in copper. [ Ans. 3704 m.[sec ] 
2. Thesound produced at the surface of a sea reflects back from the bottom in 4 sec. 
what is the depth of the sea? Given, the compressibility of sea water=4°6 x 10-4 cm.3/dyne 
and its density = 1:03 gm./c.c. [ Ans. 2906 m.] 
3, Assuming that the velocity of sound in air at N. T. P. is 1090 ft,/sec., find the value at 
50°C, and 70 cm. pressure. ( C. U.'58)[ Ans, 1186 ft./sec, ] 
at N. T. P. is 1:26x105 cm.[sec. If its density is 


4. The velocity of sound in hydrogen 
9x107 gm.|c.c. calculate the value of y. [Ans. 141] 
5, At what temperature will the velocity of sound in air be twice as great as it is at 0C. ? 
(C. U.'31 ) (Ans. 819°C} 
6. Find the wavelength in air at 30°C, of a note of frequency 320 c.p. $- Given, the 
velocity of sound in air at 0°C.=332 m,/sec. [ Ans, 1092 cm. } 
resonance tube. If the difference between two 


7, A vibrating tuning fork is held over à 
«C., what will it be at 100°C. ? [4ms. 385cm.] 


successive resonant lengths be 34:4 cm. at 25 i 
8. An open organ pipe is tuned to a frequency of384ina concert hall at 12°C. What 
will be the frequency of the note emitted by this pipe when the temperature rises to 25C.1 
[Ans. 3926 c.p.s. ] 
tive length of an open organ pipe tuned to à note whose frequency 
is ne Cie E 20°C. when the velocity of sound is 342:5 m.[sec. What will be the 
frequency of the note emitted by the pipe when the NE bo to 10°C ? ( Oxford ) 


10. Find the length of a 
frequency 256 c.p.s. in air at à temperature of 20°C., 


of sound at 0°c.=331 m,/sec. )- 
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11. If the pitch of a note from a closed organ pipe of metal isto be independent of. tem- 
perature, show that the zatio of the cubical expansion of air to that of the metal is 2/3. ; 

12. The velocity of sound in oxygen at N. T. P. is 315 m./sec. Find the velocity in (a) 
hydrogen at N. T. P. (b) in oxygen at 30*C. and 78 cm. of Hg. pressure. Given, density of 
oxygen at N.T.P.— 1:44 gm./lt. and that of hydrogen at N. T. P.—0-09 gm./It. 

[ Ans. (a) 1260 m./sec. (b) 331:8 m./sec, ] 

13. Calculate the velocity of sound in CO, at 30°C. and 760 mm. of Hg. Pressure, given 
that 22:2 It. of CO, at N,T.P. weighs 44 gm. and y for C0,—1:26. [ Ans. 267:34 m /sec. ] 

14. Find outthe molecular weight ofa gas for which y is 1:4 and in which the speed of 
sound at 20^C. is 1305 m./sec. Given R=8-31 x107 erg./(*K mole). [ Ans. 2| 
= 15. Calculate the velocity of sound in dry hydrogen at 90°C, assuming that the density 
of hydrogen at N. T. P.—0:089 gm./lt. and y=1-41. .CA.M.EE. ) [ Ans. 1461 m./sec. ] 

16. A sound note of frequency 200 Hz. is produced in hydrogen. Find its wavelength 
assuming that velocity of sound in air is 1100 ft./sec. and density of air is 14-4 times that of 
hydrogen. (A, M. I.E.) [ Ans. 20:87 ft ] 

17. Ona windless day a person fires his gun and another person at a distance of 1552.5 m. 
from the first person hears the sound after 4-5 sec, of the flash. Find the velocity of sound. 

1 [ Ans. 345 m.[sec, ] 

18. A and B are two stations 10 km, apart. Wind is flowing. from A to B, A sound 
produced at 4 is found to reach B in 29 second, whereas a sound produced at B takes 30 
second to reach 4. Find the speed of the sound and that of wind. 

[ Ans. 339-1 m,/sec. ; 5:75 m./sec. ] 

19. Athunder is heard 6 second after a lightning flash. Calculate the distance at which 
it occurred if the mean temperature of the air be 25°C. Given, the velocity of sound at 0C= 
332 m./sec. ( Calcutta Univ. *75-) [ Ang. 2081 m. ] 

20. A stone is dropped into a well 44:1 m. deep. Find after how much time will the sound 
of the splash be heard, given that the velocity of sound in air is 340 m./sec. [ Ans. 3:13 sec. ] 

21. An observer sets his watch by the sound of a signal gun fired at a distant tower. Ho 
finds that his watch is slow bytwo second. Find the distance of the tower from the observer. 
Temperature of air during observation is 15°C, and the velocity of sound in air at 0°C. is 332 

metre/sec. [ Pat. 39] [ Ans. 682 metre ] 

22. An aeroplane is flying parallel to the ground with a speed v, A sound produced from 

the aeroplane is reflected back from the ground in £ sec. If the speed of sound be V show that 


the height of the aeroplane from the ground is > v Vs—ys, 


23. While a wood-cutter strikes a tree by his axe, sound produced is Teflected back from 
the nearby hill within 5 second. If the velocity of sound in air is 1120 ft./sec., how far is the 
hill away from the wood-cutter ? ¢ [ Ans, 2800 ft. ] 

24. The sound of a gun known to be 6 mile away was heard 30 sec. after the flash was 
seen. At the same time the man firing the gun heard an echo of the report from a cliff 20 sec, 
after the gun was fired. How far from the gun was the cliff ? [ Ans. 2 mile ] 

25. A man stationed between two cliffs fires a gun. He hears the first echo after 2 sec. 
and the next after 5 sec. What is his Position between the two cliffs ? When will he hear. the 
third echo? Given, the velocity of sound —1120 ft./sec. 

[ Ans. 1120 ft. from one cliff and 2800 ft. from the other ; 7 sec. } 

26. While approaching a cliff in a car, a man fires his gun, the hill being 3 km. away. If 
the velocity of the car be 5 m./sec. and that of the sound be 340 m./sec. find when and where 
the echo will be heard by the man. [ Ans. 17-4 sec., 2:913 km. ] 


assuming that of sound to be 340 m./sec. [ Ans. 72 km./hr. ] 

28. An echo repeats 4 syllables, Find the distance of the reflecting surface if it takes 1/5 
of a second to pronounce and hear one syllable distinctly. The velocity of sound is 
1120 ft.[sec, [ Ans, 448 ft, | 
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29. Aman stood facing a high brick wail 280 ft. away from him, clapping r 
noticed that when he was just clapping 12 times in 6 second, each clap coincided cy odd re 
of the previous one. What value did he deduce for the velocity of sound in air ? 

Ans. 

30. The velocities of sound in air and in sea water are 340 m./sec. "- she pawn 
signal is sent from a floating ship. Two signals are received through the medium of air and 
water by a second floating ship. If the time interval between the two signals is 5 sec. find the 
distance between the ships. ( Jt. Entrance '80 ) | Ans. 2227-9 m. j 


[D] Harder Problems. 

1. An organ pipe open at both ends sounds in unison with a tuning fork at 20°C, When 
the fork and the pipe are sounded together at 30°C., 5 beats per sec. are heard. Determine 
the frequency of the fork assuming that it is not affected by the temperature change. 

296:2 c.p.s. 

2. The distance in miles of a lightning flash from an observer may be found riii 
by counting the number of pulse beats between the lightning flash and the thunder clap and 
dividing the number by 6. Justify this rule, assuming that the human pulse beats 75 times per 
minute and the velocity of sound is 1080 ft. per sec. ; ( Cambridge ) 

3, At the upper layer of the atmosphere a themometer does not get into thermal equilib- 
rium with the environment owing to the low density of the gas. Hence temperature there can- 
not be measured with a thermometer. For this purpose, rockets with grenades are used which 
explode at a certain altitude. Find the temperature at an altitude of 25 km, from the earth's 
surface, if the sound produced by an explosion at an altitude of 26 km. is detected 7 sec. after 
that produced by an explosion at an altitude of 24km. Velocity of sound at 0°C, =330 m./sec. 

[ Ans. —68°4°C, } 


n note when sounded, the temperature being 20°C. To what 
for it to give a note ¢ the frequency of that at 20°C, 
[ Ans. 149°C. 


5. When a tuning fork and a column of air are sounded together they produce 4 beats “per 
second, the fork giving the lower note and the temperature of air being 15°C. They produce 
3 beats per second when the temperature of air falls to 10°C. Find the frequency of the fork 
assuming it to be independent of temperature. t Ans, 1081c.p.s.] 

6. A certain organ pipe at 15°C. is in unison with a steel wire of diameter 0:50 mm. 
vibrating transversely in its fundamental mode under à tension of 5-00 kg. wt., the vibrating 
length being 34:6 cm. Describe and explain what will be heard if the temperature of thé air 
in the pipe rises 2°C., other conditions remaining constant, and the pipe A Ponta 
sounded together. [Density of steel=7:80 gm./c.c. ] i ( London ) H a neris J 

7. A pop-gun consists of a cylindrical barrel 3 sq. cm. in Oe ee acia - 
by a cork and having à well-fitting piston at-the d y faa er al acne s ming 
cork ts nally Se aes peA and the piston was 25 cm. and that there is no 


ial di n the co : 
that the fila die Derr ired to eject the cork, Atmospleric pressure=1 kgm. 


leakage of air, calculate the force requi Ans. l5kg wt. | 
wt./sq.cm. Velocity of sound=340 metre/sec. (Cambridge) | loas is fie- 


. Airi tube closed at one end vi vith t c 
Nets are 200 «td 350 vibrations per sec. cm cocta x Pun d ed 
a pt wid edle AT (London) [ t: mee at (d 

9. i If the velocity of sound in hydrogen at °C, is 4200 ft./sec. "ar aah ks ae ud Bes i y o 
sound Cat the, Same Mei timos t 
oxygen ( Density of oxygen ! j : 

i An erain appro es ater tunnel whites e ater dr terval of 16 second, How, far i 
of 20 second. Ten minutes tate: he: erval ovr sound in aire iy 
the engine now from the tunnel and what is its speed? (Ve ity of s 


4. A whistle gives a certai 
must the temperature be raised 


x ; ding 300 ft. away 
t of a line of cliffs. A pura EE oes iO reach 


11. A gun is fired on a seashore in fron à the echo takes 
from the gun and equidistant from the ciis nos he gun from the cliffs. [ Ans, 225 ft. ] 


him as does the direct report. 


——— 


25 | | LIGHT WAVES 
CHAPTER 


251. Wave nature of light, 


Light is the radiant energy emitted from luminous sources and on entering 
the eye produces the sensation of sight. As to the nature and mode of propa- 
gation of light energy, Newton in 1675 proposed the corpuscular theory, which 
assumes that light consists of a stream of corpuscles (i.e., particles) emitted 
from luminous sources with great speed. These corpuscles behave largely in 
accordance with the laws of mechanics obeyed by other bodies. They are ima- 
gined to possess no weight and to be perfectly elastic. "This theory explained 
the rectilinear propagation and reflection of light well enough, but explanation 
of the bending of light path by refraction led Newton to assume further the 
existence of a short range attractive force between the corpuscles.and the surface. 
This force accelerates the corpuscles towards the surface and hence causes 
their paths to change. But this assumption immediately demanded that light 
should travel faster in a denser refracting medium than in air. This prediction 
of the theory was found to be quite inaccurate when Foucault in 1850 by an 
ingenious experifnent showed conclusively that the velocity of light in water 
is less than that in air. This result dealt a death blow to the corpuscular theory 
which was then finally abandoned. 


On the other hand, the wave theory first proposed by Huygens in 1678, 
assumes that light energy is transmitted as a wavemotion. According to this 
theory a source of light acts as a generator of waves ' from the source wave- 
fronts of light move outwards through space as spheres of constantly increasing 
radii in a similar manner as when a stone is dropped into a pond, circular 
ripples move radially outwards over the water surface. The wavelengths of 
light are very small and for convenience arc usually expressed in terms of a 
very small unit of length, called the Angstrom (À). One angstrom unit is 


10-9 cm. The wavelengths of light lie approximately within the range of 
3900 A to 7600 A 


The wave theory successfully explained the phenomenon of reflection and 
refraction and in contradiction to the corpuscular theory, predicted that velo- 
city of light in a denser refracting medium should be less than that in air. 
This prediction was corroborated by the result of Foucault’s experiment. Dis- 
covery of the phenomenon of interference of light led to the final acceptance 
of wave theory. 


An immediate objection to this theory is that waves invariably need a 
medium for transmission, Since light comes from far-off heavenly bodies, prac- 


= 
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tically through vacuum, Huygens postulated an all pervading hypothetical me- 
dium, called ether, which was assumed to fill ‘empty’ space as well as the 
interior of matter. But all attempts to prove experimentally the existance of 
such an hypothetical medium were unsuccessful. Yet this theory was accepted 
for its ability to explain not only rectilinear propagation, reflection and reffrac- 
tion but also other phenomena associated with light namely, diffraction, inter- 
ference, polarization etc., which can never be explained with corpuscular theory. 

In the year 1865, Maxwell developed the theory of electromagnetic waves. 
These waves consist of periodic variation of electric and magnetic fields. The 
electric and magnetic intensities are at right angles to each other and are 
also normal to the direction of propagation of the wave. Since électric and 
magnetic fields may exist in empty space, no material medium is necessary 
for the propagation of such waves. One of the brilliant successes of the theory 
was the prediction that light waves are electromagnetic waves which had been 
found to be true. 


252. Finite velocity of light. 


Until the middle of the 17th century, it was generally believed that light 
travels with an infinite velocity. Galileo was the first who proposed that light 
takes a finite time, however small it might be, to travel from one point to 
other. But his attempt to verify this experimentally failed due to inadequacy 
of the experiment to cope up with the tremendous velocity of light. The first 
successful attempt was made by the Danish astronomer Romer in 1675. Based 
on astronomical observations made on one of the satellites of the planet jupiter, 
he obtained definite evidence that light propagates with a finite velocity. The 
velocity of light (c) determined from such observations was about 220,000 km./ 
sec. which is of the same order of magnitude as the best present value of 
2=299,792 km./sec. in vacuum. 

Fizeau in 1849 developed a method for the determination of c entirely on 
the surface of earth. Later his method was modified by Foucault in 1850 and 
he was the first to prove that velocity of light in water is considerably less 
than that in air. This was a decisive experiment, because as stated earlier, 
this led to the rejection of the corpuscular theory. The most precise measure- 
ment of c in air was carried out by Michelson during 1926—1929 by using a 
modified version of Foucault's method. After correction for the refractive index . 
of air to give the. velocity in vacuum, the average result of his experiments was 
c=299,796 + 4 km./sec. Later methods like Kerr cell method provided even 
higher accuracy than Michelson's e Eh i. Dm 

; ity of light and, in fact, of all radiant energy, in vacuum Is on 
of apies iu rinin in Physics. It plays a central role in Einstein’s 
theory of relativity. According to this theory, no object can move with a velo- 
city greater than that of light in vacuum. Thus nature has imposed ra limit 
to the speed of all material bodies. The fastest moving particles, still own 

re found is cosmic rays ; their velocities fall short of the velocity of light 
by about 1 percent. The theory of relativity also predicts that conversion of 
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mass into energy and vice versa is possible. The conversion relation E-mc 
involves the speed of light. Hence it is quite natural that measureménts still 
continue to be made of the speed of light for obtaining more accurate values. 


253. Interference of light. 


The wave theory of light was first expounded by Huygens in 1678. More 
than a hundred years passed before the strongest and most convincing evidence 
in favour of it was obtained from an expetimerit performed by Young in 1803. 
Young’s experiment proved conclusively that light showed the property of 
interference, which is a characteristic of wavemotion [vide Art. 23-22]. On the 
other hand, Newton’s corpuscular theory completely failed to account for such 
observations. 


A modified form of Young's experimental arrangement is shown schemati- 
cally in Fig. 25-1. A narrow slit S, is illuminated by monochromatic light (i.e., 
light of single wavelength) from a suitable source. The slit S,, therefore, acts 


SCREEN 


MONOCHROMATIC 
SOURCE 


Fig. 251: Interference experiment 


as a source ; light from this slit is again incident on an opaque barrier which con- 
tains two more narrow slits S, and S, parallel to S,. These slits are very close 
together and are so placed as to be equidistant from the first slit 5,. A screen 
is placed at a convenient distance behind the pair of slits. It is found that 
a pattern of alternative bright and dark lines parallel to the slits appear on the 
screen. These are called interference fringes. A bright line is formed at the 
centre of the pattern, If one of the slits S, and S, is closed, the pattern 
disappears and the screen appears faintly and almost uniformly illuminated. 
Obviously the formation of such pattern suggests that light emerging from the 
pair of slits S, and S,, is reinforced at certain places producing brightness 
and is cancelled at other places making them dark. 


Formation of such fringes cannot be explained on the basis of rectilinear 
propagation of light because this predicts that on the screen we shall see two 
bright lines, one lying in the line S, S, and other in the line S, S;. 


The explanation follows if we assume that light is a kind of wave. Each 
of the slits S, and S, acts as a single source of light and so a series of waves 
is emitted from each of the two. This is shown in Fig. 252. As the two 
slits share the light from the same source S,, the waves emanating from them 
possess identical amplitude and frequency. Also because the slits are placed 
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at equal distances from S,, the wavefront ight origina’ 
: t of inati 
moment passes through both the slits at the € merda d ne on 


emanating from them are 
always in the same phase. 
The two slits, therefore, be- 
have as coherent sources of 
light waves. 

Hence, as the light 
waves originating from these 
slits overlap, they will inter- 
fete with each other and 
give rise to a stationary in- 
terference pattern as pointed 
out in Art. 2322. At those 
points where the two waves 


other producing darkness. For Such points the paths cove’ 


S, and S, differ by an odd number of half wavelengths. 
hrough these points. It is obvious now that if we 


beyond the pair of slits S,, $,, alternate bright 


and dark fringes will be seen. For the point on 
from the slits, the paths traversed by tie waves are 


fringe is formed at this point. This point lies at the centre and the fringe 
As we go further and further 


pattern extends equally on both sides of it. 

from this point, the illumination of the fringes falls and ultimately they become 

too faint to be visible. , 
It may be mentioned that the wavelength of the light can be calculated 

by measuring the separation between the pair of slits S, and S, the distance 

of the screen from them and the distance of the middle of any fringe from 

that of the central The result so obtained closely agrees with those from 


other optical experiments. 

If instead of monocromatic light we use 
colour having different wavelengths will prod 
So a coloured fringe pattern is obtained. 


It is not possible to obtain such fr 
even if they emit light of same wave j i 
and pare This is due "fact that the phase difference between light 
waves emitted from separate sources changes continually iD a rapid manner. 


P-1/38_ 


white light, then each component 
uce its own interference pattern. 


582 ELEMENTS OF HIGHER SECONDARY PHYSICS 


Consequently, the fringe pattern on the screen must shift position rapidly. As 
our eyes can not follow such rapid shifts, the screen will appear uniformly 
bright. : 

254. Polarization of light. 


We have seen in Art. 23:25, that the important difference between longitud- 
inal and transverse waves is that the latter can be polarized, while this is not 
possible for the former. The discovery of polarization in light proved conclu- 
sively that light waves are transverse. So in light waves, vibrations take place 
at right angles to the direction of propa- 


gation i.e., to the ray. A beam of órdi- 
nary light consists of an innumerable 
number of such waves. Ether particles 
in the path of these waves vibrate in all 
possible directions, with equal probabi- 
lities but always perpendicular to the 
(a) (b) 


direction of propagation of the beam. ; 

Ordinary light is,therefore, unpolarized. Fig. 25:3 : Vibrations in (a) unpolarized 
The end-on view of the vibrations — (b) polarized light 

in such a beam may be diagrammatically represented as in Fig. 253 (a). If by 
some means, described later, all ether particles in the path of the beam of light 
are made to vibrate in one direction, then the light is said to be plane polarized. 
The diagrammatic representation of such light is given in Fig. 25:3 (b). 

Among the various methods of production of polarized light we shall des- 
cribe only the action of tourmaline crystals, When ordinary light enters such 
a crystal, it absorbs vibrations in all directions, except one i. e., it transmits 
vibrations in one direction only [Fig 25-4]. This phenomenon is known as 
selective absorption. The emergent light is, therefore, plane polarized. 

Since our eyes can not distinguish polarized light from an unpolarized one, 
the phenomenon of polarization of light can be experimentally verified by placing 
another tourmaline crystal in the path of the emergent light from the first as 
shown in Fig. 255. In this arrangement, the tourmaline A, whose purpose is 

.to produce polarized light is called the polarizer. The tourmaline B is called 


‘DIRECTION OF TRANSMITTED 
. VIBRATION 


Fig.25:4 Production of polarized light 
the analyzer whose purpose, as we shall see now, is to analyze the polarized 
light coming from A, Keeping A fixed, if B is rotated slowly in its own plane 
with the incident ray as axis, there will be variation in the intensity of light 
transmitted through B as judged by the eye at E. The maximum intensity is 
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observed when both the crystals transmit vibrations in the same direction [Fig. 25:5 
(a)]. No light is seen when the vibrations transmitted by the former become 
perpendicular to the direction. of "transmission of vibration by the latter [Fig 
25:5 (b). In the former case the tourmalines are said to be parallel; while 


d 
@) 


Fig. 25:5: Analysis of polarized light 


in the latter case they are Said to be crossed. In the first case, the vibrations 
transmitted by the first crystal go on uninterrupted through the second ; in 
the second case the vibrations through the first crystal get completely absorbed 
by the second, so that no light is received by the eye. This proves that light 
waves can be polarized and hence they are transverse in nature. 


25-5. Validity of Geometrical Optics as an approximation, 


The branch of Physics which studies light and its various phenomena is 
called optics. Geometrical optics is that branch of optics which deals with 
only properties of light and their consequences. 

One such property is that in a homogeneous medium, the path of light is 
rectilinear, Formation of a sharply defined shadow of an opaque obstacle 
placed in the path of light proyides a unique evidence of this property. 
ina homogeneous medium waves travel in straight lines. However, 
if the waves mee? any obstacle in their paths or pass through an aperture, they 
instead of travelling straight ahead bend to some extent round the edge of 
the obstacle or aperture into the ‘shadow’ region. This departure from rectilin- 
ear propagation when waves meet an obstacle or pass through an aperture is 
known as diffraction, This is exhibited by all wave-motions. For sound waves, 


the phenomenon is very much in evidence. A sound made on one side of 


a partition is quite audible to a person standing on the other side, showing 


that sound waves can bend round an obstacle. The phenomenon of diffraction 
can also be readily demonstrated with ripples on the surface of water, 

We know that light is a kind of wave and hence it is expected that light 
should also exhibit the phenomenon of diffraction. This is directly in contra- 


diction with the property that light propagates in straight lines. We shall 
now discuss how we can reconcile these two apparently contradictory proper- 


ties of light. 


Now, 
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Investigations with all types of waves have shown that the phenomenon of 
diffraction becomes prominent only when the size of the obstacle or the 
aperture becomes comparable with the wavelength. Diffraction effects 
become practically insignificant when the size of the obstacle or the aper- 
ture is large compared to the wavelength. The wavelength of sound waves 
varies from about 1:6 cm. to 16 metre. Evidently, the sizes of the obstacles or 
apertures being comparable with their wavelengths, the phenomenon of diffrac- 
tion of sound waves is easily observable. 


The wavelength of light is, however, very small and as we have already 
mentioned, lies within the range of about 4x 1075 em. to 7x 10-5 cm. As the 
sizes of the obstacles or apertures are, in general, many many times greater 
than the wavelength of light, no diffraction effect can ordinarily be detected. 
With very small obstacles or apertures, however, light is actually found to bend 
into the ‘shadow’ region. Study of such diffraction effects formis an important 
part of the subject of optics. We can, therefore, conclude that the property 
of rectilinear propagation is only true when the sizes of obstacles.or the aper- 
tures are very large compared to the wavelength of light. Thus the subject of 
geometrical optics based on this property represents an approximate picture. 
The approximation, however, makes no appreciable. error for all practical pur- 
poses. The error is so small that it is not ordinarily discernible. 


@ EXERCISE © 
[A] Essay type questions. 
1. Discuss the evidences that light is a wave phenomenon and that the waves aro 
transverse. 


2. What is ether? Discuss its importance in relation to the i 
tu Calor Saleen DYPOS al vere’ wave theory of light, Why 
3. Discuss about the velocity of light and its importance in physics, 


4. What do you mean by interference ? State the conditions to be fulfilled for th ffe 
Describe an experiment to demonstrate the effect i adt 
Pescsiba st: epu d in the case of light and show how tbe condi- 

5. What is plane polarized light ? Discuss a method of i Wha 
analyzer ? bass si it wd to distinguish between polarized and et ht ? A 

6. Explain what you know about polarisation, How does it termi. 
erare E "€ Ro seis Po — of sound. ey i Sri cut. 

i ] 
pol aAa A e għat is seen through an analyzer. If the analyzer e EY 

7. What is meant by diffraction ? Under what conditi inent ? 
an idea about the sizes of obstacles or apertures for [drei era det ient iA ci 

8. 'Geometrical optics is valid only as an approximation'—Discuss, i 


[B] Short answer type questions. 


1. What is meant by the statement that the wavelength of yellow light is 58934 ? 


‘ene Nature has imposed a limit to the speed of all material bodies”, —What is the said 
3. When are two sources of light said t is i i 
NOR L0 QUESIURL anD terres As cde ea 5 be coherent ? Why is interference of light waves 


i tr fees information does the phenomenon of polarization provide regarding the nature 


5. Iflight can bend around an obsta i , 
wooden partition ? bstacle due to diffraction, why can't we see around a 


6. Light from a sodium flame passes through a narro ough 
very opus Segal s falls on rà bx Describe and e ri MM MS pa^ 
screen, ee of closing one slit of th i i 
Scere ct ide fhe e pair, (c) the effect of replacing sodium flame by 


APPENDIX 


i. §S. I. system of units. The International System of Units, abbreviated, 
S.I. (from the French name Systeme International d’ (Unite's) was adopted in 
1960. It is a modernized version of the metric system and is expected to replace 
the C.G.S. system throughout the world in near future. In this system, the 
fundamental units corresponding to the six fundamental quantities viz., length, 
mass, time, electric current, temperature and luminous intensity are metre, 
kilogram, second, ampere, Kelvin and candela respectively. Derived units in 
this system for some important quantities are given below: Force—newton, 
Energy —Joule, Power—watt, Torque—newton metre, Electric charge—coulumb, 
Electric potential—volt, Electric resistance—ohm, capacitance—farad, Inductance 
—henry, Magnetic flux —weber, Magnetic Intensity—res/a etc. 

Besides the fundamental units, the complete S.L system contains other 
recommendations also. For example, it is recommended that multiples and 
submultiples of the fundamental units be stated in steps of 10° or ]07*, So 
length should be preferably expressed in kilometre (1 km.— 10? m.) or millimetre 
(1 m.m.— 1075 m.) but not in centimetre (1 cm.— 107? m.) 

2. Proof of the relation r -5+ 4 

In Fig, (a), let ABC represent the equilateral triangle of side d, formed by 

the tips of the three fixed legs of 
the spherometer. 


Let D be the circumcentre of 
this triangle; at D the screw tip 
touches the plane of the triangle. 
Now, from the properties of an 
equilateral triangle, 


(0) (b) à AD=} x length of the median 
1- (P xlength of a side of the triangle ) 


ie. AD= ina (say) A Sid (i) 


i i bly of the spherometer 
i represents a vertical section of the assem 
ares Lb x virtite whose radius of curvature 18 to be measured. Here O 
is the centre of the sphere of which the said surface isa part. Let 4 and P 
the respective points at which one of the fixed legs m w pi apui : 
=OP=r. 
eter touch the surface. Then Q4 ; 5 
agi the screw tip would have been touched it at D. Then PD=h, AD=a 
d OD=OP—PD=r—h. : 
p- Now, from the geometey of the Fig. (b), a 
OAt=AD' + OD* or, r*za*-(r—h) 
or, 2rh=a°+ h? et $ 5 
Combining eqns. (i) and (ii) we get reat 


Gi) 
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3. Some useful conversion factors, 
inch=2-54 cm. 

metre—39'4 in. 

pound—454 gm. 

kilogram — 2:20 Ib. 

gm-Wt.—980 dyne. 

Ib-wt.—32 poundal, 

litre— 1,000 ml, 

B.Th.U. —252 cal. 

B, Th.U, —778 ft.-lb, 

Horse Power —746 watt. 

Kilowatt= 1:34 H.P. 

calorie—4-18 joule, 

joule —10? erg. 

atmosphere— 1013 x 108 dyne/cm.* 
angstrom—1075 cm. 


MA A ae aea duh A de dm jua eh de eA Pel e 


4. Some physical constants, 


Acceleration due to gravity —980 cm. /sec?, 
Universal gravitational constant—6-670 x 107? C.G.S. unit, 
Mass of earth -= 5:975 x 1027 gm. 
Mean radius of earth —6:371 x 108 Cm.=3959 mi. 
Mean distance from earth 

to the sun =1-49 x 108 €m.— 9:29 x 10? mi, 
Mean distance from carth 
: to moon--3:84 x 10" cm.—60 earth radii. 
Mass of the sun—1-99 x 10% gm. =333,000 x mass of the earth, 
Velocity of light in vacuum=2-9979 191° cm./sec. ; 
Charge of electron — 1:602 x 10-1? coul, 

=—4-803 x 10710 statcoul, 

Ratio of charge to mass - ^ 

of electron— 1-759 x 101 coul./kg. 
Plank’s constant—6:625 x 107% j-sec, 
Boltzman's constant— ]:380 x 10-29 j"K. 
Avogadro’s number—6:023 x 10% molecule/mole. 
Universal gas constant— 8-314 j[mole, °K, 
Volume of ideal gas at S.T.P.—22°4 litre/mole, 
Absolute zero of temp. = —273:16°C. 
Latent heat of fusion of ice=80 cal./gm.=144 B.Th.U, /Ib, 
Latent heat of vapor. of water--540 cal./gm.=972 B.Th.U./Ib, 
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5, Some Greek Alphabet. 


PEA PERS 


2» h aoet 


Z |l c e, EAS 


VRAD wx» fm 


wow Focus ow Nm we 


QUESTIONS OF THE COUNCIL OF HIGHER 
SECONDARY EDUCATION 


PHYSICS : 1986 
Group A 
Answer any two questions 


1. (a) Establish graphically the equation S=ut+4 ft’, where u, f, S, and t 
have their usual meaning. S 4 
(b) A particle moving along a straight line with uniform acceleration 
describes 145 cm and 185 cm in the sixth and the tenth second respectively. 


What distance will it cover in the sixteenth second ? 3 
(c) A particle moves ‘a’ metres along a straight line and then it moves 


*b* metres along a direction making angle 0 with the original direction. Obtain 


the resultant displacement of the particle. 3 
2.(a) Define centripetal force and establish an expression for the same. 
5 


Why is centrifugal force called a pseudo force ? 
(b) Explain the effect of diurnal motion of the earth on the weight of 


a body on the surface of the earth. 2 
(c) Establish the relation between linear velocity and angular velocity. 3 

3, (a) What is work ? Define joule, erg and watt. 4 

(b) What is meant by potential energy and kinetic energy ? 2 

(c) - Deduce an expression for the kinetic energy of a body moving with 


linear velocity v. 4 
Group B 
Answer any two questions 7 
4. (a) Write down the laws of simple pendulum. 4 
(b) Explain how the height of a hill can be determined by determining 
dulum at the foot and top of the hill. 3 


the time periods of a pen 
(c) The length of a simple pendulum is four times the length of another 


simple pendulum. If the time period of the pendulum of longer length is 6 secs, 
calculate the time peri 3 


od of the other pendulum. 

5, (a) Define Young’s modulus of elasticity. Same weight is suspended at 

the lower ends of two wires of same length but of different material. The dia- 

meters of the wires are 0'4 mm and 0'6 mm respectively. If the elongation of the 
first wire is three times the elonga 


tion of the second wire, compare the Young's 

modulii of materials of the two wires. 14-3 
(b) What should be the velocity of an artificial satellite of the earth so 

that it may revolve round the earth along a circular orbit 300 km above the 
earth's surface ? Explain weightlessness of a body on an artificial satellite. 


What is meant by escape-velocity ? 
g —980 cm/sec? ; Radius of the earth —6400 km. 3-42+1 
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6. (a) State Archimedes’ Principle. How would you verify the same 
experimentally ? 4 
(b) A body is floating on water with a portion of the body immersed. 

Will the body float up or down if the entire air above the body be removed ? 
Give reasons for your answer. 3 
(c) The internal and external diameter of a hollow sphere is 6 cm and 

8 cm respectively. If it floats just fully immersed in a liquid of sp. gr. 12, find 


out the density of the material of the sphere. 3 
7. (a) What do you mean by the statement that normal atmospheric 
pressure is 76 cm of mercury column ? 2 
(6) What is a siphon? Explain its principle of action. Mention the 
conditions for the working of a siphon. 6 


(c) Calculate the limiting height of obstacle for siphoning kerosene oil of 
sp. gr. 0'80 from one vessel to another when the atmospheric pressure 76 cm of 
mercury. Density of Hg—13'6 gm/cc. 2 


Group C 
Answer any Two questions 


8. (a) Define coefficients of linear expansion, surface expansion and volume 
expansion ofa solid. Establish the relation between them. 6 
(b) A metre scale, made of Steel, is correct at 10°C. What would be the 
correct distance between two consecutive cm-markings on this scale at 30°C and 
60°F ? 1+2 
A brass rod measured with the help of the above scale at 30°C is found to be 

5 metre long. What would be the correct length of the rod at 10°C? Coeff. of 
linear expansion of steel=12x10°/°C. Coeff. of linear expansion of brass 
=18 x 107*/C. 3 
9.(a) State Boyle's- law and Charles’ law. Establish the equation of state 
for a perfect gas. How can you obtain the absolute scale of temperature from 


Charles’ law ? 7 
(b) Deduce the relation between the volume and pressure coefficient of 
an ideal gas. 5 


10. (a) Define water-equivalent and thermal capacity. How do they differ ? 
A block of platinum of mass 200 gms is heated in a furnace and then dropped 
into 650 gms of water at 10°C, kept in a vessel of water equivalent 50 gm. If the 
final temperature of the mixture be 25'C, calculate the temperature of the 
furnace. Sp. heat of platinum —0:030. 2-5 T. E3 

(b) Distinguish between vapour and gas. Define dew point and relative 
humidity. 

The dew point and the temperature on a certain day were 10°C and 16°5°C 
respectively. The saturation vapour pressures at 10°C, 16°C and 17°C are 
respectively 9°10 mm, 13°50 mm and 14°40 mm of mercury column. Calculate 
the relative humidity of the day. 2+2+2 

1l. Write notes on: (a) Effect of pressure on melting point and boiling 
point. (b) First law of thermodynamics, 6--6 


QUESTIONS [ii] 


Group D 
Answer any two questions 


12. (a) What is simple harmonic motion? Mention its characteristics. 
Show that the principle of conservation of mechanical energy holds good in such 
motion. : 143-42 

(b) The amplitude of a particle of mass 4 gm executing simple harmonic 
motion is5 cm. The acceleration of the particle is 12 cm/sec? when it is 3 cm 
away from the mean position. Calculate the velocity of the particle and the 
force acting on the particle when it is 4 cm away from the mean position. 2 

13. (a) What are forced vibration and resonance ? 4 

(b) A vibrating tuning fork of frequency 256 vibrations per sec is held 
near the upper open end of a vertical tube 200 cm long filled with water and 
water is allowed to run out slowly from the lower end. Neglecting end correction, 
calculate the positions of water surface in the tube for first and second 
resonances. Velocity of sound in air—320 m/sec. 4 

14. (a) Write down Newton’s formula for the velocity of sound in air. 
What is its defect? How was the formula modified by Laplace ? 1+1+2 

(b) Write down the difference between longitudinal and transverse wave. 
How would you establish that light is a transverse wave ? 22 


PHYSICS : 1987 
Group A 
Answer any Two questions 


1. (a) Draw and explain the velocity—time graph of a particle moving with 
uniform acceleration. Explain the nature of the graph when. the acceleration 
decreases with time. 2-DO 

(b) A train begins to move with an acceleration of 2 metre/sec? when a 
man is 9 metres away from a door of the train. The man begins to run and 
catches it in 3 sec. What is his acceleration ? 3 

(c) Two particles are dropped from the top of a tower. at an interval of 
2 seconds. Find their relative velocity and .relative acceleration at a moment 
when both of them are falling. 3 

2. (a) State Newton’s first and second laws of motion, and define force 


from the first law. ge 
(b) Mass is the measure of inertia—explain. 3 

(c) What do you mean by static friction and kinetic friction ? 2 

3. (a) Determine the value of potential energy of a body of mass m, situated 

at a height 7. 3 


(b) Show that the law of conservation of energy is obeyed by a body 
falling freely under gravity. 5 
(c) Show that the momentum of a body having mass 7 and kinetic energy 
E is /2mE, i 2 
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Group B 
Answer any two questions 


4.(a) State Newton’s law of gravitation. What is universal gravitational 
constant ? Find the relation between the said constant and the acceleration due 
to gravity. 2+1+2 

(b) The mass and the radius of the earth are respectively 81 times and 
4 times the values for the moon. Compare the accelerations on their surfaces. 3 


(c) Why does a body feel weightless in an artificial satellite ? 2 

5. (a) State and explain Hooke’s law. 2 

(b) Draw and explain the load-elongation characteristic of an elastic solid 
material. 124-2 


(c) If the strain be 1% of 0'1, find the change in length of a wire 5 metre 
long. If the cross-section is 1 Sq. mm. and load 10 kg. wt., what is the ratio of 


stress and strain ? 1:-2 
(d) Define Poisson's ratio and bulk modulus. 2 
6. (a) Compare specific gravity and density. 2 


(b) A body of density . d, is placed slowly on the surface of a liquid of 
density d, and depth A. After time t, the body reaches the bottom of the liquid. 


Determine the value of 1. 3 
(c) State Pascal's law and with its help, explain the principle of operation 
of a hydraulic press. 5 


7. (a) Explain with the help of diagram the working principle of a common 
pump used for lifting of water. Discuss if there is any upper limit of the height 
to which water can be raised by such a pump. 8 

(b) f water is used in place of mercury in a barometer, what will be 
the height of the water column at normal atmospheric pressure ? Density of 
mercury 13°6 gm/c.c. 2 


Group C 
Answer any two questions 


8. (a) Define the real and apparent coefficients of expansion of a liquid and 
establish the relation between them. 24-2 
(b) What do you understand by anomalous expansion of water ? Explain 

with the help of a diagram the variation of volume of a certain amount of water, 


if temperature changes from 0°C to 10°C. 2--3 
(c) Give three practical examples where expansion of solids has been 

made use of. 3 
9. (a) Define latent heat of ice, dew point and relative humidity. 3 

(b) What is the difference between evaporation and boiling ? 2 

(c) When two pieces of ice are pressed together, they form a single piece. 
Explain why. 3 


(d) 1f 64,800 calorie of heat is extracted from 100 gm of steam at 100°C, 
what will be the result ? Latent heat of steam=540 cal/gm ; latent heat of ice— 
80 cal/gm. 4 


Questions [v] 


10. (a) Write down the postulates of the kinetic theory. 
(b) What is mechanical qeuivalent of heat ? 
(c) Explain isothermal and adiabatic processes. 
(d) A meteorite of mass 42 kg has its velocity reduced from 15 km/sec 
to 5 km/sec while crossing the atmosphere of the earth. What willbe the amount 
of heat produced for this change of velocity? J=4:2x 107 ergs/cal. 4 


11. (a) Define thermal conductivity. 2 
(b) Write the differences between conduction and convection of heat. 3 


heat of ice=80 cal/gm. 4 


Group D 
Answer any two questions 


12. (a) What do you mean by time period ? l 
(6) If the angular amplitude and the length of a simple pendulum are 
respectively 8 and J, find the velocity of the bob at the lowest position. 4 
(c) Show graphically the resultant motion ofa particle on which two 
simple harmonic motions of the same frequency are superposed (i) in phase and 
(ii) out of Phase. 3 
13. (a) Explain the difference between Progressive and stationary waves. — 4 
(b) An aeroplane ig moving parallel to the ground with a velocity v. A 
Sound from the plane reaches it again by reflection from the ground after t sec. 
Find the height of the plane, if the velocity of sound be V. 3 
(c) What are beats ? ! 

14. (a) State the laws of transverse vibration of a string. 3 
(b) Determine the relation between the length of a closed pipe and the 
wavelength of the vibrating air column inside the pipe. 2 
(c) What are the characteristics of musical sound ? 3 


H. S. PHYSICS : 1988 
Group—A 
Answer any two questions. 


1. (a) Show the subtraction of two vectors by a figure. What do you mean 
by the resolution of a vector 9 How do you find out the rectangular components 
Of a vector». 4 
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(b) Aman can reach just the opposite point of the bank by swimming in 
time tı and can swim the same distance down the current in time /;. If the 
speed of the man in still water be u and that of current be v, then find the ratio 
oft 1 and fu 3 

(c) A man is walking at the rate of 2 km per hour. The rain appears to 
him to fall vertically with a speed of 2 km/hour. Find out the real value and 


direction of velocity of rainfall. 3 
2.(a) State Newton's second law of motion. How can you establish the 
first law from his second law ? 14-2 
(b) Show that if a weight is hung from the midpoint of a wire, it cannot 

be kept horizontal. 2 


(c) Action and reaction are equal and opposite— describe an easy experi- 
ment to show this. 

(d) A mass of 2'0 kg is hanging from the hook of a spring balance fixed 
to the roof ofa lift. What will be the reading of spring balance when the lift is 
(i) ascending with an acceleration of 0'2 m/s, (ii) descending with an accelera- 


tion of 0'1 m/s, (iii) moving up uniformly with a velocity of 0°15 m/s ? 3 
3.(a) Find the relation between angular velocity and linear velocity. Obtain 
the expression for centripetal acceleration. 1+3 4 

(b) The weight of a body on the surface is less due to diurnal motion of | 
the earth—explain. 20 
(c) Define Joule and Horse-power. 2 


(d) A cycle rider is moving with a speed of 18 km / hour along a curved 
path of radius 20 metre. Find the angle of his inclination with the vertical. 
(g=980 cm/sec’). 2 


Group—B 
Answer any two questions 


4. (a) Find out how acceleration due to gravity at a place varies with 


altitude. 3 
(b) What do you mean by a geo-stationary satellite ? 2 
(c) Derive an expression for the velocity of an artificial satellite moving 
in a circular orbit. 2 


(d) A satellite is moving round the earth in a circular path of 300 km 
from the surface. Find out its velocity. Radius of the earth— 6400 km ; g —980 
cm/sec”. 3 


5. (a) Define Young's modulus and Poisson's ratio. 2 

(b) Find out the work done per unit volume in case of extension of 4 
metal wire. 2| 
(c) What is a spring balance ? 1, 


(d) Two ends of a steel wire of diameter 4 mm are fixed by supports 4! 
300° C. What will be the force exerted on the supports if temperature fall: 
down to 30°C? Coefficient of linear expansion of steel—10 x 107* / °C: 
Young's modulus of steel —1'1 x 10" dynes/cm*. 4 
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QUESTIONS [ vii ] 


6. (a) Explain the principle of action ofa siphon, Mentioning clearly the 
conditions under which it will be in action, 4 
(b) Explain whether the rate of flow of liquid through a siphon will 
change if the atmospheric pressure changes. 2 
(c) How can you determine the height of a mountain with the help of a 
barometer, if the. average density of air is known ? 2 
(d) Kerosene oil has to be brought over an obstacle by the action of a 
siphon. What should be the maximum height of the obstacle for this purpose ? 
Sp. gr. of kerosene=0'8 ; atmospheric pressure=76 cm of Hg. 2 
7.(a) State and explain Archimedes’ principle. 3 

(b) What is buoyancy ? Show how and on what factors its value 
depends. 3 
(c) A floating body loses its weight—explain. l 

(d) The weight of a body in air is 04 gm. Its weight along with an 
immerser in water is 3°37 gm. The weight of immerser in air is 40 gm. Find 
the sp. gravity of the body. Sp. gr. of immerser=8'0. 3 


Group—C 
Answer any two questions 


8. (a) Derive the relation between the coefficient of cubical expansion and. 
coefficient of linear expansion of a solid. 3 
(b) A metal scale does not give correct value at all temperatures — 
explain. ; 2 
(c) The density of glass at 10°C and 60°C is respectively 2°6 gm/cc and 
2596 gm/cc. Find out the average value of the coefficient of linear expansion of 
glass in this temperature range. 4 
(d) Explain whether the base angle of an isosceles triangle made by 
Copper rods will change by heating. 3 
9. (a) State Boyle's law and Charles’ law. Derive the ideal gas equation 
from the same. What is the universal gas constant ? 6 
(b) How can you get Boyle’s law and Avogadro’s law from the kinetic 
theory of gases ? : nM 3 
(c) How do you get the idea of the absolute Zero of temperature from 
Charles’ law ? 3 


10. (a) What are the factors on which the rate of evaporation depends? 3 
(b) State and explain the fundamental principle of calorimetry ; mention 

the conditions under which it is applicable. 3 
(c) State the influence of pressure on the melting point of a substance. 2 

(d) A piece of metal of mass 10 gm was heated to 100°C and then 
dropped in a mixture of water and ice. The volume of mixture decreased by 0:1 
cc though the temperature remained the same. Find the specific heat of the 
metal. The latent heat of ice=80 cal/gm. Densities ofice and water at 0°C 
are 0916 and 1:0 gm/cc respectively. 4 
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11. (a) State and explain the first law of thermodynamics. 2 
(b) Describe a method for determining the mechanical equivalent p 

heat. 
(c) At which temperature a piece of wood and a piece of metal will 
appear equally hot on touching and why ? 2 
(d) The velocity of a meteorite of mass 42 kg changed from 15 km/sec to 
5 km/sec while passing through the atmosphere. Calculate the amount of heat 


produced during the process. J=4 2x 10? ergs/cal. 4 
Group—D 
Answer any two questions 

12. (a) What is resonance ? Explain with an example. 3 
(b) Show that the equation x=a sin wt represents a simple harmonic 
motion. 2 
(c) Explain the terms amplitude, phase and time period of a simple 
harmonic motion. 2 
13. (a) Discuss the correction made by Laplace to Newton's formula for the 
velocity of sound in gas. 3 
(b) Explain what information is obtained about its nature from polarisa- 

tion of light. Why there is no polarisation of sound waves ? 2 
(c) Find out the velocity of sound in hydrogen gas at N.T.P. The density 

of hydrogen at N.T.P.—0:090 gm/litre ; y—1:4. 3 
14. (a) What is interference of waves ? Describe an experiment to show the 
interference of sound wave. 3 
(b) Derivethe relation between the fundamentals produced in two tubes 

of same length—one open, the other is closed. 2 


(c) 5 beats are produced when two tuning forks 4 and B are sounded 
together. Find out the frequencies of the forks, if they produce resonance with 
36 cm and 37 cm respectively of air column of a tube closed at one end. 3 


H. S. PHYSICS : 1989 
Group—A 
Answer any two questions 


1. (a) What is the parallelogram law in Case of two vectors ? With the help 
ot this law, find analytically the magnitude and direction of the resultant. 
Discuss whether the resultant of two unequal inclined vectors can be zero 
or not. 6 

(b) A body moving with a constant retardation traverses 57 m and 3'9 m 
in the 6th and 9th second respectively. When will the body stop moving ? 3 
(c) The speed of a body remaining same discuss whether its velocity can 
change. 1 


QUESTIONS [ix] 


2. (a) State Newton’s third law of motion and explain the same with exam- 


ples What is the difference between Impulse and Impulsive force ? 4 
(b) Find a relation between angle of repose and coefficient of friction. 
What are the conditions of equilibrium due to several coplanar forces ? 4 
(c) What -do you understand by centripetal force and centrifuga! 

force ? 2 
3. (a) Find the kinetic energy of a body having mass m and moving with 
velocity v. 2 
(b) Prove the law of conservation. of energy for a body falling freely 
under gravity. 4 
(c) Derive the relation between Horse power and Kilo Watt. 2 


(d) Aman of 100 Ib weight takes 5 minutes to climb a tower 300 ft high. 


What is the Horse power of the man ? 2 


Group—B 
Answer any two questions 


4. (a) State Newton's law of gravitation. Why is the gravitational cons- 

tant called universal? State the difference between mass and weight of body. 
ZEE 
(b) Find a relation between gravitational constant and mean density of 
Earth. ij 
(c) What will be the acceleration due to gravity at a height of 2 miles 
above the surface of the earth? ( Diameter of earth is 8000 miles and g on the 
earth’s surface is 980 cm/sec? ). 2 
5. (a) State Hooke’s law. Define ‘longitudinal stress’ and ‘longitudinal 
Strain’. What are their units in the C.G.S system ? ZZEE 
(b) Define ‘Poisson’s ratio’. Discuss whether it is an elastic modulus. 2 
(c) Two wires of different material having diameters 2 mm and 3 mm 
respectively are each 4 metres long. By hanging a weight of 5 kg in each wire, 
it is found that elongation of one is twice that of the other. Find the ratio of 
the Young’s modulus of the material of the two wires, 3 
6. (a) Find the pressure at a point inside a liquid. 9 
(b) State Pascal's law. How is the law of multiplication of force obtained 
from this law ? 4 
(c) A liquid of mass m, and density p; is mixed with another liquid of 
mass mg and density pə. If the volume of the mixture does not change then 
what will be the density of the mixture ? 3 
7. (a) Describe a simple vacuum pump and explain its principle of 
action. 5 
(b) What do you understand by normal atmospheric pressure? What 
are the conditions of equilibrium of a floating body ? : 1+2 
(c) A piece of wood of volume 20'5 c.c. is tied witha piece of lead 
having a volume of 1 c.¢. Show, whether the combination will sink or float in 
water. [Sp. gravity of wood and lead are respectively 0'5 and 11'4] 2 
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Group—C 
Answer any two questions 


8. (a) Show how the density of a liquid changes with temperature. 2 
(b) A seconds pendulum indicates correct time at 20°C. At what 
temperature will it go slow by 30 seconds per day ? « for the material of the 


pendulum is 18 x 1078/°C, 4 
(c) Explain with the help of graph the anomalous expansion of water. 
What is its advantage in nature ? 4 
(d) Bimetallic strip can be used as an indicating instrument —explain. 2 

9. (a) Define: Calorie, Specific heat, Latent heat of fusion of ice. 2 


(b) Is it possible to measure the temperature of a furnace (temperature 
range from 800°C to 1000°C) with the help of a 50°C thermometer ? Discuss 
briefly. 3 

(c) What is the difference between evaporation and boiling ? 2 

(d) On a certain day the temperature of air is 26°6°C and the dew point 
is 9°5°C. If the maximum vapour pressures at 9°C, 10°C, 26°C and 27°C are 
8'6 mm, 9'2 mm, 25°2 mm and 267 mm respectively, find the relative humidity 


on the aforesaid day. 4 
10. (a) State the basic assumptions of the Kinetic theory of ideal gases. 
According to this theory what interpretation of temperature is obtained ? 5 
(b) What is mechanical equivalent of heat ? 2 


(c) From what minimum height a piece of ice has to fall so asto melt 
completely ? [Assume that 20% of the energy is lost ; given J=4'2 x 107 ergs/ 


cal., and Latent heat of fusion of ice—80 cal./gram] 3 
(d) Why do the two Specific heats of gas differ ? 2 

11. (a) Define thermal conductivity. 2 
(b) When a metallic piece cooled by liquid air touches the body a burning 
sensation is felt—why ? 2 
(c) What are the properties of thermal radiation ? 4 


(d) A room has two glass windows, each of area 2 square metres and 
thickness 3 mm, The inside and outside temperature of the room are 25°C and 
—S°C respectively. How much coal is to be burnt per day to replenish the heat 
that is conducted away through the two windows ? [Heat due to burning of 
coal — 8000 cals/gram and thermal conductivity of glass = 24x10-* CGS 


4 
Group—D 
Answer any two questions 
12. (a) What is simple harmonic motion ? l 


(b) How do the velocity and acceleration of a body executing simple 
harmonic motion change ? 4 


(c) Find the time period of a simple pendulum when the angular 
amplitude is small. 3 


QUESTIONS T 


13. (a) What are the characteristics of progressive waves ? 3 
(b) What is an echo? Light can be reflected by a small mirror but an 
extended area is required for reflection of sound— why ? 1+1 


(c) A gun is fired from a plane moving horizontally at 120 miles/hour and 
an echo from the ground is heard after 3 seconds. What is the height of the 


plane? [Velocity of sound=1120 ft/sec.] 3 
14. (a) Write down the laws of transverse vibration of a string. 3 
(b) Discuss the characteristics of musical sound. 3 


(c) What will be the rotation per minute of a siren disc having 32 holes 
so that the emitting frequency is in unison with a tuning fork of fre- 
quency 256? 2 


Jt. ENTRANCE—PHYSICS : 1989 
Attempt all questions 
The figures in the margin indicate marks for each question. 


1. A body is moving in a straight line with a constant acceleration starting 
from rest. Discuss about the nature of the curve of the time dependance of the 
length of the path described by the body. 2 

2. Two identical loads W suspended each from the middle of a string. 
The strings sag due to the loads and make angles of «<, and «, with the horizontal 
(«,7«,). Which of the strings is subject to greater tension ?— Explain. 2 

3. Ifa car is run along a straight track by an engine working at a constant 
power, how will the distance traversed depend on time ? Deduce the relation. 2 

4. A water filled cone of height 50 cms and base area 20 sq. cms. is placed 
on a table with the base on the table. What is the thrust offered by the water on 
the table ? 2 

5. A 50kgman stands on a weighing machine in a lift. When the lift 
starts moving with uniform acceleration, the machine shows his weight as 45 kg. 


Was the lift moving upwards or downwards ? Give reasons for your answer. 
2 


What was the acceleration of the lift ? [g—9'8 m/s*.] 

6. Why does 1 Ib of iron at 100°C melt much more ice than 11b of lead, 
also at 100°C ? What is the unit of specific heat capacity in the M.K.S. system ? 2 

7. A gasis expanded from a state 1 to another state 2 (higher pressure 
stare) by two different processes : (a) first by keeping the volume constant and 
then, by keeping the pressure constant, (b) first by keeping the pressure constant 
and then by keeping the volume constant. In which process more heat will be 
supplied to the gas ? Answer with reasons. 5 

8. Two bars of the same cross-sectional area and the same length but made 
of different materials are clamped lengthwise one after another between two 
undeformable walls. The materials of the bars differ in mechanical and thermal 
properties. "What must be the relationship between Young's moduli and the 
linear co-efficients of thermal expansion so that heating the bars does not change 


the position of the boundary between them ? 2 
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9. Two balloons of the same volume are filled with two gases at the same 
pressure, one: with hydrogen. and the other with helium. Which of the two has 
greater lifting force ?—Explain. ^ 

10. A man fills tires ot his car to a gauge pressure of 30 Ib/in? at. 27*C when 
atmospheric pressure of 15 Ib/in?, By afternoon (temperature 12°C) he reached a 
town where atmospheric pressure is 10 Ib/in*. What will be the gauge pressure 
of tires of his car ?.. Volume of tires may be taken as constant. 2 


ll. A beam of parallel rays of width 5—20 cm Propagates in glass at an 
angle $=60° to its plane face. ° Find the beam width after it goes over to air 
through this face. The refractive index of glass is n=1°8. 2 


12. How can you identify in a simple way whether à mirror is plane, 
concave, or convex ? Which type of mirror is used in cars and other vehicles as 
view-finder and. why ? 2 

13. When a small lamp is held 175 metres above the surface of a tank, the 
image of the lamp seen by reflection in the surface appears to coincide with 
image of the bottom. Find the depth of the tank. Refractive index of water 


is $. 2 
14. At what distance f, from a biconvex lens must we place an object for 
the distance between the object and the real image to be minimal ? 2 


15. A ray is incident at an angle of incidence i, on a Prism of angle 4 and 


angle i. 2 
16. A ring of circumferential length of 10cm. is made ofa wire having a 
resistance Ry=10Q. Find the points at which current-carrying conductors 


17. A parallel plate air capacitor has capacitance C, What will be the 
capacitance of the capacitor if it is half-immersed in an oil of dielectric constant 
1'6 with the plates remaining perpendicular to the surface of the oil ? 2 

18. Acellof e.m.f. V volts and negligible internal resistance is connected 
across a potentiometer whose sliding contact is made exactly at the middle. 


not very high compared with the resistance of the potentiometer, what 


voltage will the voltmeter show : higher than or less than V/2? Justify your 
answer, 2 

19. What are the distinguishing factors between a primary cell and secon- 
dary cell? Where is the seat of e.m.f. of a cell ? 2 


20. The burner of an electric. stove’ is made UP of three sections of equal 
resistance, If the three sections are connected in parallel, water in a tea-kettle 
begins to boil in 6 minutes. When will the same mass of water in the tea-kettle 
begin to boil if the sections are connected in series ? 2 


QUESTIONS [ xiii ] 


21. A conductor in series with an ammeter and a semiconductor in series 
with another ammeter are connected in parallel. At a certain voltage both 


Why ? 2 
24. A solenoid carrying a current supplied by a DC source with constant 
e.m.f. contains an iron core inside it. How will the current change during the 


removal of the core from the solenoid ?—Explain. 2 
25. How many quanta of different energy can be emitted by a hydrogen 
atom if the electron is in the third orbit ?—]Justify. 2 


26. A train is crossing an observer standing on a platform. The first com- 
partment of the train takes 2 seconds to cross the observer while the second 
compartment takes 2°5 seconds to cross him, The train is moving with uniform 
acceleration. Find, (i) the velocity of the train when the front of the first com- 
Partment crosses the observer, (i) the acceleration of the train. Given the 
length of each compartment is 15 metres. 5 

27. Aman is standing on the top of a 40 Ib. 13 ft uniform ladder-with its 
base 5 ft out from a smooth vertical wall. The ladder is not slipping. Find the 
minimum co-eff. of friction between the foot of the ladder and the ground. The 
man weighs 180 Ib. 5 

28. A mercury barometer gives false indications because of a bubble of air 
that got into the space over the mercury. At a pressure of 760 mm of Hg. 
column the barometer reads 740 mm and at 72T'5 mm of Hg column the reading 
is 710 mm. Find the length of the barometer tube (from the upper end of the 
mercury level in the cup). 5 

29. Water flows at the rate of 01500 kg/min through a tube and is heated 
by a heater dissipating 25:2 W. The inflow and outflow water temperatures are 
152°C and 17°4°C respectively. When the rate of flow is increased to 02318 kg/ 
min and the rate of heating to 37'8 W, the inflow and outflow temperatures are 
unaltered. Find (i) the specific heat capacity of water, (ii) the rate of loss of heat 
from the tube, 5, 

30. A mirror 0'5 metre high hangs on a wall. A man stands at a distance 
of 2 metres away from the mirror. What is the height ofthe portion of the oppo- 
site wall in the room that can be seen by the man in the mirror ? The opposite 
wall is 6 metres away from the mirror. ; 5 

3l. An inch cube is constructed of a material whose refractive index is 1°65. 
Calculate the least radius of the opaque circular disc, which must be placed cen- 
trally over each face of the cube, so that a small air-bubble at its centre shall be 

invisible from an external point, 5- 
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32. Three resistors of 4, 5 and 12 ohms respectively, are connected in 
parallel and to the terminals of a 10-volt battery whose internal resistance is 
0'5 ohm. What current flows in each resistor and in the battery ? 5 

33 Two very long conductors are in vacuum at a separation of 4 cms. The 
current through one of these is 25 amperes and through the other 5 amperes. 
Calculate the length of a segment of the conductor subjected to a force of 125 
dynes. 5 

34. Two wires are fixed on a sonometer. The tensions are in the ratio 8 : 1. 
the lengths in the ratio 36 : 35, the diameters in the ratio 4: 1 and the densities 
are in the ratio 1:2. Find the frequency of beats produced if the note of the 
higher pitch has a frequency of 360 Hz. 5 

35. Suppose an electron of charge —e and mass m is revolving in an orbit of 
radius r round a nucleus of charge +E. Show that the energy of the electron is 
—me*E*/2L*, where L is the angular momentum of the electron=mvr, 5 
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of fusion 382 
latent 381 


mechanical equivalent of 418 


specific 367 

transmission of 450 

of vaporisation 388 
Hooke’s law 215 
Horse power 167 
Humidity, 

absolute 404 

relative 404 
Hydraulic break 244 
Hydrostatic paradox 238 
Hygrometer 406 


I 


Ideal gas law 354 
Impulse 52 
Impulsive force 54 
Inelastic collision 64 
Inertia, moment of 118 
Ingenhausz's experiment 454 
Intensity of sound 569 
Interference, 
of light waves 580 
of sound waves 530 
Isothermal change 428 


J 


Jets 68 
Joule (unit) 418 
Joule's law 418 


K 


Kelvin temperature scale 293 
Kepler's laws 197 
Kinetic, 

energy 154 

friction 83 

theory of gases 441 


L 


Lami's theorem 132 
Latent heat 381 

of fusion 382 

of vaporisation 390 
Law of fusion 388 
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INDEX 


Light, 


corpuscular theory of 578 

Doppler effect 536 

interference of 580 

polarisation of 582 

velocity of 579 

wave nature of 578 
Limiting angle 87 
Linear expansion, 

coefficient of 301 
Longitudinal, 

strain 216 

stress 216 

wave 504 


M 


Manometer 259 
Mass, centre of 143 

and inertia 45 

and weight 182 
Mechanical, 

energy 154 

equivalent of heat 417 
Melting point 382 
Modes of vibration 519 
Modulus, of elasticity 216 

bulk 219 

shear 221 

Young's 217 
Molar, 

gas constant 425 

Specific heat 425 
Molecular theory of matter 436 
Moment, 

of force 114 

of inertia 118 

of momentum 119 
Momentum, 47 

angular 119 

conservation of linear 61 
Motion, 

accelerated, uniformly 26 

angular 97 

Brownian 438 

circular, uniformly 104 

curvilinear 18 

in fluid 283 

laws of 43 

oscillatory 477 

períodic 478 

planetary 197 

rectilinear 19 

rotational 19, 97 

of satellites 200 

simple harmonic 478 


Musical sound 568 


N 


Newton ene 49 
law of cooling 468 
law of gravitation 177 
laws of motion 43 


| xviii ] ELEMENTS OF HIGHER SECONDARY PHYSICS 


Nodes 514 
Note 568 
Noise 568 


oO 


Optics, geometrical as 
an approximation 583 
Organ pipes, 524 
closed 524 
open 525 
overtones 526 


P 


Pascal's law 241 
Pendulum, 
compensated 308 
simple 190 
Period 478 
Periodic motion 478 
Phase 483 
Pipe, 
closed 524 
open 525 
Pitch 570 
Planetory motion, 197 
laws of 198 
Plastic material 214 
Poise 286 
Poisson's ratio 222 
Polarisation. 
of light 582 
of waves 541 
Polariser 542 
Polygon rule 6 
Potential energy 156, 214 
Poundal 49 ? 
Power 166 
horse power 166 
Pressure, 
atmospheric 257 
of fluid 234 
of ideal gas 442 
Pre’vost’s theory 466 
Pump, 
compression 263 
lift 261 


vacuum 264 
Pyrometer 468 


Q 


Quality, tone 570 
Quincke’s tube 532 


R 


Radiation, 461 
black body 466 
detection 462 
emission and absorption of 464 
as a form of. energy 46] 
properties of thermal 463 
Recording and reproduction 
of sound 571 
Reference frame 17 
Reflection, of waves 511 
Refraction, of waves 511 


Relative, 
acceleration 34 
humidity 403 
velocity 32 
Regelation 387 
Resolution, of vector 9 
Resonance air columns 528 
Resultant, 
of vectors 3 
of parallel forces 136 
Retardation 25 
Rigid body 213 
Rocket 69 
Rolling friction 90 ! 
Root-mean-square velocity 442 
Rotational motion, 19, 97 
Similarity with 1 
translatory motion 121 


S 


Sateilites 200 

Saturated vapour 397 

Scalar quantities 1 

Shear 220 

Simple harmonic motion, 478 
acceleration in 482 
amplitude in 478 
energy in 484 
frequency of 482 
period of 482 
reference circle 479 
velocity in 481 

Simple pendulum 190 

Siphon 260 

Snell’s law 512 

Solar constant 468 

Sonometer 522 

Sound, 


as elastic waves 551 

intensity of 569 

interference of 530 

musical 568 

pitch of 570 

quality of 571 

recording and reproductiou of 571 

reflection of 511 

refraction of 511 

Sources of 568 

velocity of 560 

Doppler effect of 536 
Specific, 

gravity 232 

heat of a gas 425 

heat of a solid 367 
Speed 20 
State, change of 381 
Stationary waves 513 
Stefan-Boltzman’s law 467 
Strain, 216 

longitudinal 216 

Shearing 220 

Volume 219 


Stream lines 282 
Stress 215 

longitudinal 217 

shearing 220 

volume 219 
Stress-strain diagram 223 
String, vibration of 518 
Superposition, principle of 513 
Surface tension 277 


T 


Temperature, 
absolute (kelvin) 350 
celsius (centigrade).293 
critical 402 
Fahrenheit 293 
interpretation from 
kinetic theory 443 
Tesile strain & stress 220 
Tension, surface 277 
Thermal, 
capacity 368 
conductivity 452 
expansion, 299, 439 
of gas 341 
of liquid 321 
of solid 299 
Thermocouple 462 
Thermodynamics, 
first law of 422 
Thermometer, 
bimetallic 311 
Thermostat 311 
Thrust 234 
Tone 568 
Torque 114 
Torsional deformation 221 
Transformation of energy 159 
Translational motion 19 
Transverse wave 502 


U 


Uniform circular motion 104 
Uniformly accelerated motion 26 
Universal gas constant 356 


V 


Vapour pressure 397 
Saturated 397 
unsaturated 397 

Voporisation, 
latent heat 388 


INDEX 


Vectors, addition of 2 
components of 10 


multiplication of, by a number 


resolution of 9 
subtraction of 7 
representation of 1, 13 
Velocity, angular 98 
critical 283 x 
escape 203 
instantaneous 23 
relative 33 
r.m.s, 442 
uniform 20 
Vibration, of air columns 524 
damped 493 
forced 494 
resonance of string 494 
Viscosity 285 
Volume elasticity 219 


w 


Watt 166 
Water, anomalous expinsion 333 
Wave, amplitude 506 
equation 508 
frequency of 507 
front 507 
interference of 530 
length 507 
longitudinal 504 
polarisation of 541 
progressive 501 
reflection of 511 
refraction of 511 
stationary 513 
Superposition 513 
transverse 502 
Weight 182 
Weightlessness 203 
Work done against friction 162 
done along curved path 151 
done by and against force 153 
done by couple 154 
done by gases 424 
Work-cnergy principle 163 


Y 
Young's modulus 217 


Z 
Zero, absolute 351 
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